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FOREWORD 


LIGHT is perhaps the best plaything that the gods could have provided man in his quest 
for reason and purpose in the universe. This toy at once puts him in communion with 


atoms and galaxies. It is the object of his artistry and wizardry; his symbol of purity, 


warmth, and reason. The understanding of it parallels the phylogeny of his mind. He 
has been seduced by its color, and it has made him the victim of pomp and humility. 

In the twentieth century he has responded explosively in applying the discoveries of 


the previous centuries But his mastery of application has sometimes dulled his 


curiosity and what little remains is often too small to substitute for his lack of courage 


loo soon he sets 


to venture into endeavors which do not promise instant popularity 


with it there are no games left to be played His 


his toy in the corner thinking that 
flighty span of attention leads him to other things because he is still unaware of the 


catalytic power of well-focused thought 


Perhaps optical rotation and rotatory dispersion is one such game that has remained 


fessor Elsasser brought this rude fact to our attention by 


too long in the corner! roie 


pointing out that Louis Pasteur presented his now famous work on the rotation of 


polarized lieht by tartaric acid crystals one hundred years ago to the day our confer- 


ence was held (without corrections for intervening leap years). But what has happened 


time? What new rules have come to the game? To the workers who have 


nterest in this subject many things have happened The turn of the cen- 


maintained 


turv represents the high point in the development of fundamental concepts for it 


was then that the observations of Cotton and the analysis of rotatory dispersion by 


Drude emphasized the beaut these optical phenomena. From Biot’s discovery of 


*phenomenon in again required a hundred years Born’s theory to a peal 
i 


Kuhn’s theory and mathematica! itment was the forerunner to the sophisticated 


application of quantum mechanics to the subject 


in gamesmanship and in it intuitive jumps are 


ant 


um mechanics | 1c ultimate 


en transit route trom a deterministic to a provda yilistic world 


i difficult transition make because the former is included in the latter This 
lume alle tl difficulty This was fi aim of the conference 
otatory dispersion will be one of the victories of quantum mechanics, and the works 


Fvring. Kauzmann. Kirkwood. and Moffit have sparked the modern 


of Condon 
attack he orde vents m: e the experiment and then the idea. or the idea and 


then the experimen eit! way will be of le consequence to the meaning and 


understanding of Optical Rotation and Rotatory Dispersion. At least, as this volume 


will show. experiments are again being done and our only hope is that the gods will 


again bless us with Kirkwoods and Moffits to put meaning to them 
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ROTATORY DISPERSION AND THE VIBRATING 
MOMENTUM OF OPTICALLY ACTIVE 
ABSORPTION BANDS 


W. KUHN 


Basle, Switzerland 


OPTICAL rotatory power is a phenomenon which has from the time when it was 
discovered excited the curiosity of many scientists. Optical rotation itself is at first 


sight a problem of theoretical physics; but its dependence on chemical structure 


makes it an important object of research in both inorganic and organic chemistry 


and the occurrence of pure optical antipodes in living organisms gives it a funda- 
mental importance in biochemistry and biology!’ and the question of the origin of 


optically active substances in nature even touches the problem of the origin of life. 


‘ 


The occurrence of the 
in natural proteins, together with their necessary formation for kinetic and thermo- 


‘wrong’ antipode in antibiotics and also in small quantities 


dynamic reasons, in the organisms makes it probable that the decrease of the optically 


active purity of some fundamental substances in the organism will be one of the main 


reasons of aging and limitation of the lifetime of the individual organisms. 
It is not possible in a limited time to follow all the aspects in detail; but it is 
possible to mention them and to state that they form a unity in spite of the speciali- 


zation which is characteristic for great parts of todays scientific research. 
As the subject of the symposium is optical rotation and rotatory dispersion, we 


will, in this introductory note, deal with these phenomena; we will see that there is in 


fact only one phenomenon, rotation and rotatory dispersion being intrinsically the 


same. 
| wish, before entering into the main subject to thank the organizing committee, 


in particular Dr. Levedahl for the invitation to come here and for the great honour 


which has come to me by being asked to open the symposium. I appreciate the fact 


that the symposium is dedicated to the memory of Doctors Kirkwood and Moffit 


who have both made such outstanding contributions in the field which is covered by 


this conference. The last congress in which optical activity was being the main 


subject was, as far as | remember, a symposium held by the Faraday* Society in 1930, 


The field has developed in many respects since that date.’ I believe that the most 


important progress which was made is the establishment of absolute configuration 


of the asymmetric carbon atom on one hand (Kuhn, Bijvoet) and the development of 


the one electron theory (Condon, Eyring, Kauzmann) on the other hand. I also 


mention the recent investigations on stereoids and experimental development (Djerassi, 
Klyne). 


' For a recent review see e.g. W. Kuhn, Advanc. Enzymol. 20, 1 (1958) 

2 Trans. Faraday Soc. 26, 266-461 (1930); with contributions by: P. C. Austin, Belaiew, M. Betti, B. 
Bhaduri, E. Bretscher, G. Bruhat, A. Cotton, E. Darmois, R. Descamps, C. Drucker, P. P. Ewald, J. 
Kenyon, W. Kuhn, J. Liquier-Milward, T. M. Lowry, R. Lucas, R. de Mallemann, W. H. Mills, Gl. Owen. 
H. Phillips, J. Read, H. G. Rule, B. K. Singh, C. P. Snow, G. Temple and K. L. Wolf. 

* For a recent review see Ann. Rev. Phys. Chem. 9, 417 (1958). 
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As far as rotatory dispersion is concerned, this property is connected and will 
always be connected with the fundamental discovery made by Cotton‘ in 1896. He 


found that optical rotatory power as a function of the wavelength often shows, in the 
region where the substances show ordinary optical absorption, a characteristic 
anomaly which is associated with a circular dichroism in the absorption region and 


which after the name of its discoverer is called a Cotton-effect. 


CH.CHN.CON(CH 


situation with respec rotatory power and optical 
lo propionic dimethylamide. It is the antipode whose 


1 in the same figure and whose actual 


indicated 


n° is Obtained by moving the substituents H and 


paper towards the observer. Curve | of Fig. 1 is the observed 


> pay 


Taker ind Z 
*W. Kuhr hen , 23 (193 voet erdeman and A. J. van Bommel, 
Nature 7, 703 (1954) 
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i of t olecule c. the rotat« contribution of the a 
The rst hgure shows the 
4 absorption in the case of D-z “ 
from the plane of th 


Vibrating momentum of absorption bands 


molecular rotation which shows the Cotton-effect. Curve 2 is the ordinary absorption, 
a very weak absorption in fact; the f-value or number of dispersion electrons 
corresponding to about 5.10-*. Fig. 2 gives the ordinary absorption and the 
circular dichroism’ of the same molecule in the region of the N,-absorption band near 
2900 A. It is seen in this figure that the maximum of the circular dichroism practically 


! 
le- k 
| 
| 


Fic. 2. Azidopropionic-dimethylamide [CH,;CHN,CON(CHs),] in hexane. 
Curve 1: Ordinary absorption (k) 
Curve 2: Circular dichroism (k, k.) 


Curve 3: The anisotropy factor g (ky )/k. 


coincides with the maximum of the ordinary absorption and that the anisotropy 
factor g, i.e. the relative difference of the absorption coefficients for right and left 
hand circular light, remains roughly constant in the main region of the absorption 
band. 

The further analysis has shown? that the rotatory anomaly observed both inside 
and outside the region of absorption is quantitatively connected with the circular 
dichroism and thereby with the existence of the absorption band. It can in this way 
be stated in the case of the azidopropionic dimethylamide that curve 3 of Fig. | is 
the contribution of the N,-absorption band near 2900 A and that in the visible, e.g. 
near 6000 A about 25 per cent of the observed value of the rotatory power are con- 
tributed by said absorption band. The generalization of this statement is that each 
absorption band gives a well defined contribution to the molecular rotatory power 


7 W. Kuhn and E. Braun, Z. Phys. Chem. (B) 8, 445 (1930). 
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W. KUHN 


not only inside but also outside the absorption region and moreover that the rotatory 
power of the substance at a given wavelength is the algebraic sum of the rotatory 
contributions made by the various absorption bands of the molecule. 

This is an important statement telling us that any understanding of the dependence 
of optical rotatory power on chemical constitution must necessarily proceed through a 
description or understanding of the Cotton-effect, i.e. rotatory contributions of the 
absorption bands exhibited by the substances considered. If we want to understand 


the influence on optical rotation of a chemical change made in a given molecule we 


must necessarily ask for the effect produced by the chemical change on the Cotton- 


effect of the absorption bands. We will in the following consider some of the results 
obtained on this basis. The azido-compounds have played a particular part in these 
investigations which we have carried out some years ago in following a proposition 
of and in close collaboration with Freudenberg*. As far as the theory is concerned, 


I mention the fundamental work which has been done by Oseen’, Born" and later 


by Condon, Eyring" and cwood 


It is seen, that we la iple wi ut changing the arrangement of the 
substituents attached he asymmetri irb atom pass from the azidopropionic 


dimethyvlamide 


Both compounds contain in particular the group which has an absorption band 


near 2900 A an > Ci y measuring the rotatory dispersion in the absorption 
gion, or also by measuring ircular dichroisn the absorption band, determine 
otatory ntributior th absorption band tl ter. The result is shown 
as well in the dimethylamide (Fig. 1) as in the 
tol il rotation the effect 
ition of a specific absorption band of 
vroup (tl . h remained unaltered by the chemical change. 
* comparison show at the rotatory contribution of the N,-group is negative on 
N,-absorption band; we call this a negative Cotton- 
and in the corresponding dimethylamide. 
bsolute magnitude but, roughly speaking, a conservation of 
\.-al sorpttor hand hen going from the ester to the 
rresponding dimethylamide 


In contrast to the moderate change produced in the optically active behaviour 


Hand iJ der her Bd 


Condon, Rev. Mod. Ph 
W. J. Kauzmann, J. I 


7. Elektrochem. SO, 13, (1944) 


rotatory power) are formally 


+ 
4 
4 
O.-C N (CH,) O.C OCH 
= H N > H N ¥ 4 
va 
CH CH 
D )Azidopropionix D (+ )Azidopropionic 
dimethylamide methylester 
432) and K. | Stereochemie pp. 662-720. Wien (1933) 
*C. W. Osee inn. Pi 48. 
M. Born, Phys. Z. 16, 251 (1915); Ann. Phys. $5, 177 (1918 
9, 432 (1937) Ge WwW e J. Chem. Pi 6, 824 (1938 
“Ue 
3 Walter and H. Eyring, Chem. Rev. 26, 339 (1940) ee 
J. Kirkwood, J. Chem. Pt 5, 479 (1937); 7, 139 (1939); E. Hickel, 
ot different but physically about the same as those described by W. Kuhn.) -. Z 


Vibrating momentum of absorption bands 


of the N,-absorption band, the effect of the chemical change on the total rotation of 
the molecule is enormous. For the mercury yellow-line 5780 A a change of the 
molecular rotation from + 24° in the ester to — 259° in the dimethylamide is registered. 
This enormous change is, as we see not due to a change of the N;-contribution; the 


analysis of the dispersion curves proves that the change is due to the optically active 


aod 


COOCH 


contribution of the next absorption band which has to be attributed to the COOCH;- 


group and to the CON(CH,),-group of the ester and the dimethylamide. It is noted 
that the COOCH, and CON(CH,).-group which shows the enormous change in the 
rotatory contribution (Fig. 4) is the group in the molecule which so to say personally 


undergoes the big change when going from the one to the other of the two molecules 
compared. 

Statements similar to those made for the N,-absorption band and the COOCH,- 
and CON(CH,),-absorption bands in the azidopropionic ester and dimethylamides 
have been made experimentally in a number of further more or less analogous cases, 
e.g. for the halogen absorption bands in «-halogenated acids,°* the phenyl absorption 
band in mandelic acid and its derivatives, the O-NO absorption bands of nitrites, etc. 
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W ¢ are now going to fransform these findines concerning the Cotton-eflects or the 
rotatory dispersion into findings concerning the vibrating momentum of the absorption 
nd ‘ternret the Thlaritie b >} 7 nceernine 
bands and interpret ine reguia es | considerations concerning the 


vibrating moment. This is possible because we can state that the origin of the Cotton- 


effect of a given absorption band is substantially a description of the vibrating electrical 
momentum associated with the absorption band considered. The main point may again 
be elucidated in the case of the N,-absorption band near 2900 A which gives the 
pronounced (¢ otton-effect in azidopropionic acid and dimethylamide, shown in Fig. | 


and 3. An absorption band whose vibrating momentum Is isotropic or unidirectionally 


| 6000 5000 4000 3500 3000 2700 


Fic. 4. Approximate rotat c t on of COOCH 1CON(CH,),-absorption band of 


ves 4 from Fig. 4 and 1) 


orientated in the molecule will not be circularly dichroitic. This is the reason why the 
N,-absorption band near 2900 A present in ethyl azide is not optically active though 
situated at the same wavelength as the N,-absorption band in azidopropionic acid 
and dimethylamide. For the N,-absorption band to become optically active, it is 
necessary that its vibrating moment will have components non parallel and non 


complanar relative to each other in distant parts of the molecule.*~™:-™ According 
to this the vibrating moment of the N,-absorption band of azidopropionic dimethyl- 


amide (point | of Fig. 5a) will have some component in the region of the OCN(CH,),- 


group (point 2 of Fig. 5a) non parallel and non complanar to the main vibrating 
moment located in the N, group itself (point | of Fig. 5a). It is indeed seen that a 


system with the mode of vibration shown in Fig. 6 will respond differently to a beam 


of right hand or left hand circular light, i.e. that it will show circular dichroism and 


optical rotation. 


‘* For a discussion of t! vil { » moment ¢ case of weak absorption bands where the anisotropy 
factor ts i rule, muc ert the case of strong absorption band i discussion not contained 
in ref. 8) see W. Kuhn and K. Be Zz. F Ci B) 22, 406 (1933); see also W. Kuhn, Angew. Chem. 
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As far as the participation of the CON(CH;),-group in the mode of vibration of 
the N,-absorption band is concerned, this participation is mainly produced by the 
electronic polarizability and the orientation of the polarizability of the group. A 
vibrating moment existing in the N,-group (point | of Fig. 5) will indeed, due to the 
existence of a polarizable oriented group in point 2, produce an induced momentum 


A less important ‘ second effect is according to the one-el 


tron theory 


LL 
based on the electric field produced by the CON(CHs).-group in 


ion of the N,-group. 


vave called vicinal action the participation of a neighbouring group e.g. the 


(soivent iniuctr 
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CON(CH,).-group in the vibrating moment of a chromophoric group (e.g. the N;- 
group) of the same molecule. As this vicinal action is mainly based on the polariza- 
bility and its orientation inside the molecule it is plausible that this action is not 
extremely sensitive to a small chemical change of the group, say of the CON(CHs),- 
group as long as the general character of the group is maintained. This is exactly 
what has been observed in the example considered: the transition from the dimethyl- 
amide to the methyl ester has left the vicinal action, i.e. the participation of the 
CON(CH,).- or COOCH,-group in the vibrating moment of the N,-group and thereby 
the Cotton-effect of the N,-absorption band nearly unchanged. 

The generalization of these statements and findings can be summarized roughly 
in the following way: 

Each substituent of a chemical compound contributes in two ways to the rotatory 
power. 

1° by being a chromophoric group, 1.¢. possessing absorption bands which become 
optically active through the vicinal action of the rest of the substituents. 

2° by its vicinal action, i.e. by taking part through the electronic polarizability 
in the mode of vibrations of neighbouring chromophoric groups. (Helping to make 
those vibrations optically active.) 

The mode of vibration of a given absorption band is, in particular in the case of 
weak absorption bands where the vibrating moment in a quadrupole moment (Figs. 
5b and c) very sensitive to a chemical change produced on the chromophoric group 
directly because it touches the very origin, the first approximation of the vibrating 
moment of the individual absorption band. This first approximation ts an individual 
property of an individual absorption band of an individual group, a property which 
varies from one absorption band of the same group to another and very often even 
varies inside the absorption region of an individual apparently simple absorption 
band.'” 

The vicinal action on the other hand is less sensitive a chemical change because 
it is due to the polarizability which is an at ge manifestation of the group 

Two simple cases where the application of these rules is particularly effective may 


shortly be mentioned. 


(a) Isolated absorption band 

If one isolated absorption band belonging to a specific group Is found in the 
molecule, the Cotton-effect of the absorption band considered can be measured and 
rules concerning the vicinal action of the surrounding groups be found. Basing on 
such rules it will be possible to determine the relative configuration of related com- 
pounds basing on the fact that similar substituents with similar vicinal function in a 
similar arrangement will give to the absorption band considered a similar Cotton- 
effect. 

This method which has been illustrated in the case of the N,-absorption band in 
azidopropionic dimethylamide and methylester has recently been applied successfully 


by Djerassi and Klyne to the Cotton-effect of the ¢ O-absorption band of steroids."® 
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If the molecules compared, e.g. aliphatic alcohols, are containing one absorption 
band (in the example the OH-absorption band) in the near ultra-violet, the absorption 
of the rest of the substituents being located in the very far ultra-violet exclusively, the 
rotatory contribution of the one absorption band (the OH-band) in the near ultra- 
violet will be so predominant that it determines the sign and the approximate magni- 
tude of the rotatory power in the visible. In this case the vicinal rule explains® the 
fact that aliphatic alcohols of the formula R, 


where R, and R, are aliphatic alkyl groups and where R, > R, have the same sign of 


rotatory power in the visible. This is illustrated by the following examples :° 


Relative configuratiol and sign of optical rotation of secondar) alcohols 
R CH CH C,H, 
H-C-OH H-C-OH 


C.H C,H 
) ) 
Methyl-athyl- Methyl-n-propyl- Aethyl-n-propyl- 
carbinol carbinol carbinol 
CH CH CH CH 
H-C-OH CH CH, 


[CH,] H-C-OH 
CH 


[CH,] 
(+) 


(b) Several groups giving rotator) ntributions of comparable magnitude 


In the majority of cases the molecules will contain several groups giving absorption 
bands with Cotton-effects in the near ultraviolet in such a way that the rotatory power 
in the visible cannot be said to be dictated by one specific group or one specific 
absorption band alone In the case of D-azido-propionic dimethylamide the contri- 
bution of the OCN(CH,).-group was seen to be strongly negative, the contribution of 
the OC-OCH,-group in the corresponding ester however strongly positive (Fig. 4) 
with an absolute value which was in the visible greater than the N,-contribution. 
This is the reason for a strong shift of the rotatory power in the visible when going 
from the dimethylamide to the ester in the D-azidopropionic compound. If we compare 
the p-bromopropionic dimethylamides and esters instead of the azido-compounds, 
we will expect that the COOCH,-contribution is still positive and the CON(CHs)o- 
contribution negative if the vicinal actions of Br and N, are similar. In this case the 
shift when going from the ester to the dimethylamide will again be a shift towards 
negative values of rotation. A shift is indeed observed in the mercury yellow line 


from 92? to 159 when going from the ester to the dimethylamide of p-x-bromo- 


propionic acid (Fig. 6, curve 6). An analogous shift ts observed in going from the 


R, 
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: 
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ester to the dimethylamide in the case of further pD-configurated «-substituted acids 


(Fig. 6). The vicinal rule thus predicts or explains the existence of a shift of the mole- 
cular rotation of a spec! sign and mparable magnitude when making analogous 


1alogous optically active molecules. These 


chemical changes in 
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of the application of the vicinal rule to chemical problems and to the description of 
the relations between optical rotatory power and chemical constitution. 

Our insight into all these phenomena is, therefore, a result of the studies of 
rotatory dispersion, an insight which had and has to be expressed in terms of the 
vibrating moment of optically active absorption bands. There is no doubt that still 


more information will be gained through further analysis of the Cotton-effect. 


SUMMATION RULE AND RELATIVE IMPORTANCE OI 
WEAK ABSORPTION BANDS 
There is one more point which should be mentioned when discussing optical 
rotation as a sum of contributions made by various absorption bands of an optically 


active substance. It is the fact that the sign of the Cotton-effect is necessarily changing 


FIG Optical rotation is a pr f y Vv for a given substance, d sappea rs 


both in t il and high trequencies 


when considering the various absorption bands of a given antipode of an optically 
active substance. The quantitative treatment shows that the integral 


i.e. that the circular dichroism of a given substance, taken over the entire absorption 
spectrum is zero.”° For the optical rotation in the visible of a substance possessing 
absorption bands in the near and far ultra-violet this means that the rotatory contribu- 
tions are of partly opposite sign; a far-going cancellation of the contributions 


therefore takes place. The cancellation would be complete if frequency factors were 


disregarded. The situation is different from the case of ordinary light refraction where 


the contributions in the visible of the U.V. absorption bands are ail of the same sign. 
The peculiar situation in optical activity is also described correctly by the statement 
that rotatory power is a phenomenon which exactly disappears when going to the 
limit of both high and low frequencies (Fig. 7) 

The existence of this summation rule does by no means impair the validity of the 
vicinal rules and the validity of the explanations given for the sign of the rotatory 
power of some groups of substances or the correctness of the rules of shift. Leaving 
these explanations unchanged it explains however in conjunction with the behaviour 
of weak absorption bands mentioned the well known sensitivity of the optical rotatory 
power towards physical and chemical changes. If the rotatory contributions are 


2° W. Kuhn, Z. Phys. Chem. (B) 4, 14 (1929). 
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nearby cancelling it 1s obvious indeed that even a minor change, e.g. of the contribu- 


tion of one weak band may even produce a renewal of the sign of the resulting optical 
rotavion 

It is for this reason in many instances an advantage to base any considerations 
concerning optical activity as far as possible on the rotatory contributions of single 
isolated absorption bands 

However the procedure chosen in discussing optical rotatory may be, it will in all 
cases be essential to be clear about the one point that the investigation of optical 
rotatory power meal investigation of the viora entul one or several 
absorption bands of 1 ules, a property which hi ribed and defined 


ty and which ts of 


nicns| 
and invesuigated In tO the a orpuion trequency ana inten 
4 interest to the physicist as well as to 
3 
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APPLICATION OF ANOMALOUS OPTICAL 
ROTATORY DISPERSION TO ORGANIC 
CHEMICAL PROBLEMS* 


CARL DJERASSI 


Department of Chemistry, Stanford University, Stanford, California 


ACCORDING to a system of nomenclature which has been introduced recently’ and 
which has found general acceptance, an anomalous rotatory dispersion curve is one 
where a Cotton effect can be demonstrated experimentally. Curves, where this is not 
possible, are referred to as “plain’’, irrespective of whether they cross the zero rotation 
axis. Our nomenclature thus differs from that employed earlier by physical chemists? 


who used a mathematical criterion (Drude equation) and the reasons for this change 


have already been given elsewhere 


Largely due to experimental difficulties e overwhelming number of optical 
rotatory dispersion curves whi have been recorded in the literature prior to 1955, 
have been of the plain type While such curves—and the Drude equations derived 


from them—are more useful than the standard [x], values usually employed by 


organic chemists, such plain curves cannot possibly compare in scope with anomalous 
curves in terms of the information which can be extracted from them. This has been 


the main thesis WOTK 1 l | | Optic rotatory Gispersion and tne present 


lectul 
With relati , ; pt n { ; important work on optical rotatory 


dispersion of organic molecu rior to 1955 has been performed by physical 
chemists, w! * motives and interests were usually different from those of organic and 
biologica en $; not surprising, therefore, it until recently, 
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o-isomer (II) starts in the visible region on the negative rotation side Therefore, 


rotation measurements conducted solely at the sodium D line lead to a negative value 


for the o-isomer (III), while the p- and m-isomers (1, 11) exhibit positive rotations. 


This case represents only one of many which could be presented to indicate the 


advantage of rotatory dispersion measurements (irrespective of whether the curves 


are plain or anomalous) over monochromatic polarimetry. 


LU 


We shall now turn to the actual subject matter of the lecture, namely anomalous 
rotatory dispersion curves and their use in organic chemistry. Prior to 1955, when our 
first paper® appeared, less than fifty rotatory dispersion curves had been recorded in 
the literature with an experimentally determined Cotton effect. In order to measure 
this dispersion feature, it is necessary to conduct rotation measurements through the 
region of absorption and from a practical standpoint, this requires a chromophore 
absorbing in an accessible region of the spectrum and with a low extinction. For our 
purpose—correlation of anomalous optical rotatory dispersion with structure and 
the carbonyl chromophore appeared to be ideal since it exhibits 
The earlier 


stereochemistry 
selective ultraviolet absorption above 270 mu with very low extinction 


literature®.’ contains about one dozen examples, largely from the terpene series, of 
Lippman, J r. Chem. Soc. 77, 4354 (1955) 
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carbonyl compounds where a Cotton effect was measured experimentally. These 
investigations—notably the classic case of camphor® involving both rotatory d spersion 
and circular dichroism asurements by Kuhn and by Lowry—were prompted by 
theoretical considerations, and while they demonstrated clearly that the Cotton effect 
associated with a carbonyl group in an asymmetric environment can be measured 
experimentally, this information proved to be of no utility for the solution of organic 
chemical problems and no further studies appear to have been conducted after 1939.’ 

Indeed, what was necessary was to collect a large number of anomalous rotatory 


dispersion curves of closely related carbonyl-containing substances and to determine 


whether any correlation existed between the characteristic shape of a Cotton effect 


curve and some structural or stereochemical feature. We felt that if this could be 
demonstrated for carbonyl-containing organic substances, interest and research 


activity with other chromophores would follow automatically. Our work to date has 


been recorded in thirty-seven articles which have been published since 1955 and they 
are collected in the appendix to the proceedings of this conference. The most 


important results have already been reviewed*-” and early in 1960, a book has 
appeared” by the author whic! he en subject as far as applications to 
organic emuistry are conce! herefore ~w selected exan pies will be 


taken to show what informa 1 anomalol latory dispersion can ol 


ier in organic 


chemistry. 


Our initial studies were conducted in the ste 1 series with carbonyl groups placed 
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in every one of the possible it! his nucleus ([V). It was possible to show 


that with fe ‘xceptions, a ke u 1 a given location » steroid nucleus 


exhibited a \ haracteris lispersion pictt t affected by the 
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enormously and this has made possible the type of structural application indicated 
above. Clearly, these variations are due to the changes in asymmetric environment in 


which the carbonyl group finds itself as it is moved around the steroid nucleus. Such 
an environmental change can also be produced by stereochemical alterations in a 
given keto steroid. A typical example is shown in Fig. 2 with the rotatory dispersion 


curves of dihydrotestosterone (VI) and its 5f-isomer, VII. These two substances 
differ only in the nature of the A/B ring juncture, but this stereochemical alteration 
has profound consequences as far as the rotatory dispersion curves are concerned. 
These characteristic differences are 1 altered by the nature of the angular substituent 
and recent measurements in our Laboratory have shown that, for instance, the C-5 
groups (VIII) 
without changing this typical rotatory dispersion pattern. Advantage has been taken 


hydrogen atom can be substituted by a variety of other functional 


of this observation in a number of instances in the recent literature (summarized 
refs. 9 and 10) to determine the stereochemistry of the A/B ring juncture in the steroid 


series. Again, no other physical tool currently available will provide this answer. 
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When such a change is produced in a keto steroid where the carbonyl group is 
adjacent to an invertible center, then the rotatory dispersion curve can be used not only 
for purposes of stereochemical differentiation, but also for kinetic studies. A number 


of such examples have been reported recently! and Fig. 3 offers one such illustration. 


— 


he rotatory dispersion curves of the isomeric 15-keto steroids IX and X are of mirror 
image type and are thus decisive, as far as assignment of configuration of the C/D ring 
juncture is concerned. Their specific rotations™ differ by 80° at 589 my, while in the 
320 mu region this difference amounts to ca. 3000°. By taking advantage of this 
enormously increased rotation change in the ultraviolet (near the first extrema of the 
respective Cotton effects), the kinetics of the base-catalyzed equilibration of such 


isomers can be determined with 1-0 mg or less of material. 


4 


The question then arose as to what portion of the molecule was really responsible 


for these very characteristic rotatory dispersion features. This could be attacked by 


“dissecting” the steroid molecule in terms of measuring the rotatory dispersion of 
tricyclic and bicyclic analogs and it was found’ that qualitatively the dispersion 
picture is simulated by the bicyclic analog—provided the latter possessed the same 
13 N. L. Allinger, R. B. Hermann and C. Djerassi, . g 1em. 25, 922 (1960). 
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absolute configuration and conformation. This conclusion applies to saturated as 
well as «,/-unsaturated ketones and has far-reaching consequences as far as the 
determination of absolute configuration and conformation of organic molecules is 
concerned. 

The subject of absolute configurational determination by this procedure has been 
covered in earlier reviews®:"® and two recent examples will suffice. All that is involved 
is a rotatory dispersion examination of relevant chromophoric systems (one of them 
representing a reference compound of known absolute configuration) and the process 


Bs 
6] 
\ 


can be illustrated by the recent assignment!’ of absolute configuration to the sesquiter- 


pene petasin (XIV). The absolute configuration of the steroids has been settled by 


classical means" and testosterone (XI) can thus be employed as a reference standard. 


Alteration he nati oO angular substituent attached to C-10 have no important 


effect (X11), where the angular methyl group ts replaced by 
hydrogen bits substantiall 1¢ same dispersion curve. Indeed, this observation 


represents the most cogent evidence presently ava 


ailable for the stereochemistry at 
ol (XI111) also has the same absolute 


C-10 ol 19-nor tcrol The MICYCHIC octal 


ynecid » of its rotatory dispersion curve 


configuration as can * shown by the coincidence of | 


(Fig. 4) with that of testosterone (X1). Returning now to the actual problem at hand 


n our laboratory: hydrogen, 


7 (1956) 


612, 93 (1958) 
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* The follow sub C-10 \'-3-keto ster have been c\amined | 
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petasin (XIV) can be converted upon treatment with base into des-isopropylidene- 
petasol (XV). The latter represents a suitable substrate for rotatory dispersion 
examination and its dispersion curve (Fig. 4) is substantially identical with that of the 
octalol (XIII) or of testosterone (XI). This coincidental (rather than antipodal) 
relationship of the two dispersion curves shown in Fig. 4 settles the absolute con- 
figuration of petasin (XIV) insofar as its angular substituent is concerned and this 
rotatory dispersion conclusion’ has now been confirmed by total synthesis.” 


OH 


XV 


Such an approach has to be used with great caution when dealing with conforma- 
tionally mobile molecules, such as monocyclic cyclohexanones, since one of the 
prerequisites of this method is conformational identity of the relevant cyclic systems. 
A successful application employing substituted cyclohexanones can be cited from the 
recent determination™ of the absolute configuration of the mold metabolite rosenono- 
lactone (XVI). This substance can be degraded to (—)-frans-2-methyl-2-carboxy-6- 
oxocyclohexylacetic acid (XVII), whose conformation is almost certainly that chair 
form in which both acid substituents assume an equatorial orientation. The same 
statement can also be made of (—)-trans-2-methyl-2-carboxy-6-oxocyclohexyl- 
propionic acid (X\ Il), whose absolute configuration is known.™ Since both dibasic 
acids XVII and XVIII exhibited negative Cotton effect curves of practically identical 


amplitude, one can safely assign identical absolute configurations to them and this 


conclusion could be verified by further chemical interconversions.™ Together with 


22 —D. Herbst and ¢ Dierassi, . mer. Chem x. 82, 4337 (1960) 
23 W. B. Whalley, G. Green, D. Arigoni, J ritt and C. Dierassi, J. Amer. Chem. Soc. 81, 5520 (1959). 
24H. H. Inhoffen, S. Schiitz, P. Rossberg, O rges, H. Nordsiek, H. Plenis and E. Hoéroldt Chem. 


Ber. 91, 2626 (1958) 
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relative stereochemistry of rosenonolactone, the deter- 


earlier information on the 
mination of absolute configuration of the cyclohexanone derivative XVII also settles 


the absolute configuration of the mold metabolite 


The sensitivity of the anomalous rotatory dispersion curve to changes in the 
asymmetric environment of the optically active cl romophore (in this instance the 
carbonyl group) makes it likel rota lispersion should also be a useful tool 
for the detection of conform: *n found to be the case in 
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(XX1)** and as its rotatory dispersion curve (Fig. 5) is also of the steroid type, the 
identical conformational conclusion can also be applied to the hydrindanone Xi. 
Since the corresponding trans-8-methylhydrindan-5-one (XXII) had also been 


synthesized™® and its rotatory dispersion curve (similar to VI and XIX) measured, 


there were available two reference curves which proved very useful for settling the 
outstanding question of the C-5 stereochemistry of B-nor-3-keto steroids (e.g. 


‘ 
established 


axial chlorine, bromine or 10d 


observer looks down the O==C a» 


and the axial haloger 
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234 equatorial halogen does not change the sign « Cotton effect of the pare ketone, 
Or can do so in a pred inne Briefly, if the 
is Of a cyclohexanone as indicated in expression XXI\ 
atom is to the right (X= halogen), a positive Cotton effect will 
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B. Riniker. Jhid. 80, 1216 (1958 
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be obtained, while a negative one will be exhibited if the halogen atom is to the left 
(X'=-halogen). An obvious corollary of the axial haloketone rule is that if the absolute 
configuration of the x-haloketone is known, its conformation can be predicted from 
the observed Cotton effect, while conversely, an absolute configurational assignment 
can be made if the conformation is known. From the various applications’: of the 
axial haloketone rule, two merit special mention. 

The first refers to an illustration from the steroid series; the negative Cotton 
effect of 2x-bromo-2/-methylcholestan-3-one (XXV) represented the first indication™ 
that this type of steroid exists in the boat conformation (XXVa) and this conclusion 


could then be supported™ by chemical and spectroscopic evidence. 


XXIV 


4 second example shows how the axial haloketone rule could be used to 
demonstrate“ conformational mobility in frans-2-chloro-5-methylcyclohexanone. 
he rule predicts a positive Cotton effect for conformation XXVI (since the chlorine- 
free parent ketone shows a positive Cotton effect) and a negative one for conforma- 
tion XXVII. As demonstrated in Fig. 6, the substance gives a negative Cotton effect 
in octane, while this is altered to a positive one in methanol, This ts in accord with the 
generalization™ that an increased proportion of the equatorial z-halo ketone (XXVI) 


can be expected in a polar medium (e.g. methanol) at the expense of the axial isomer 
(XXVII) which is favored in a non-polar solvent (e.g. octane). | ull confirmation of 
these views could be presented when it was found” that the rotatory dispersion curve 
of trans-2-bromo-5-t-butylcyclohexanone (XXVIII) remained completely unaltered 
in octane or methanol—the positive Cotton effect demonstrating that the substance 
is “fixed” in the conformation XXVIII, by the anchoring effect of the bulky t-butyl 
group W hich requires an equatorial orientation. 

The axial x-haloketone rule appears also to be applicable® to certain «-bromo- 


cyclopentanones, which suggests that rotatory dispersion may offer some useful 


0 


XXVI XXVIII XXVIII 


33C_ Dierassi. N. Finch and R. Mauli, J. Amer. Chem. Soc. 81, 4997 (1959) 

34C_ Dierassi and L. E. Geller, Tetrahedron 3, 319 (1958); C. Djerassi, L. E. Geller and E. J. Eisenbraun, 
J. Ore. Chem. 25, 1 (1960) 

35 J. Allinger and N. L. Allinger, Tetrahedron 2, 64 (1958) 

36C. Djerassi, E. J. Warawa, R. E. Wolff and E. J. Eisenbraun, J. Org. Chem 25, 917 (1960) 
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contribution to the as yet open problem of the conformation of cyclopentanone. 
Recent theoretical studies by Moffitt and Moscowitz® on the ultraviolet light 
absorption of the carbonyl chromophore in an asymmetric environment has led to a 


generalization, called the octant rule*® and its applicability to organic chemical 


problems has already been discussed.*” The theoretical arguments will be discussed by 


Dr. Moscowitz® and for our purposes, it should suffice that we are dividing the 


cyclohexanone model as shown in Fig. 7 by three planes corresponding to the nodal 
and symmetry planes of the 290 my transition of the carbonyl chromophore. These 
three planes create eight octants and the presence of substituents in each octant Is given 
a qualitative rotational contribution. Substituents in the planes (substituents at C-4 


87 J. Fishman and C. Djerassi, Experientia 16, 138 (1960) 
38 To be discussed by Dr. Albert Moscowitz in the succeeding lecture. See also chapter 12 (by A. Moscowitz) 
in ref. 10 

3° W. Moffitt. A. Moscowitz, R. B. Woodward, W. Klyne and C. Djerassi, in preparation. 


*° Chapter 13 in ref. 10 
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as well as equatorial groups attached to carbon atoms L2 and R2 in Fig. 7) are 
assumed to make no important contribution while the axial substituents adjacent to 
the carbonyl group (attached to L2 and R2) behave exactly as expressed above in the 
axial haloketone rule. Therefore. so far the axial haloketone and octant rules are 
identical except that the former was limited to halogen atoms Ww hile the latter attributes 


such rotational effects to other substituents as well (e.g. alkyl groups). A further 


consequence ol the octant rule is that it also takes into consideration substituents at the 
two §-carbon atoms (L3 and R3): the axial and equatorial substituents at carbon 
atom R3 are assumed to make a negative rotatory contribution while a positive one ts 


attributed to the axial and equatorial groups attached to L3 


In certain cyclohexanones, substituents may also be present to the left of plane C 
(Fig. 7) in one of the four near octants, and groups in these near octants are assumed 
to make a rotational contribution opposite in sign to that of a substituent in the 
In terms of application, the octant rule covers the same area 
as the axial haloketone rule except that its scope ts much broader since it is not limited 


cK rresponding lar octant 


to halogen substituents. When an axia! chlorine, bromine or iodine atom ts present in 


the x-position, then for qualitative purposes alkyl substituents at other carbon atoms 


in the evclohexanone can usually be ignored because of the halogen’s much more 


powerful rotatory contribution associated with its much higher atomic refractivity,™ 


and the simpler axial haloketone rule may be employed 
The full effectiveness of the octant rule will only become apparent when quanti- 


types of substituents at the various 


tative parameters may be assigned to different 


Fic. 8 


*! See for instance J. H. Brewster, J. Amer. Chem. Soc. 81, 5475 (1959), Table I 
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carbon atoms of such cyclohexanones. Many of the Cotton effect curves measured in 
our laboratory are now being analyzed in terms of reduced rotational strength* by a 
procedure proposed by Dr. Moscowitz and this will be covered briefly in his lecture. 
(At the present qualitative stage, the octant rule has served to confirm conformational 
conclusions reached earlier®’ by direct visual comparisons of rotatory dispersion curves 
e.g. conformation XXa rather than XXb for cis-10-methyl-2-decalone (XX)), to 
establish certain absolute configurations” and most importantly, to pose certain 
problems in conformational analysis. 

For instance, inversion of the isopropyl group of (— )-menthone (XXIX) leads to 
(+-)-isomenthone (XXX). Of the two possible chair conformations for XXX, the 
octant rule would predict a strong positive Cotton effect for XX Xa and a negative one 
for XXXb and a priori, the latter might be expected to predominate. However, the 
strong positive Cotton effect (Fig. 8) of ( )-isomenthone (XXX) suggests that con- 
formation XXXa is the preferred one and this conclusion raises some interesting 
questions with respect to the **2-alkyl ketone effect’’.°° Extensive work on the synthesis 
and rotatory dispersion of such alkylated cyclohexanones ts now in progress In our 
laboratory” and the predominance of a given conformational isomer can in many 


instances be predicted by the octant rule 


CH. 


XXX o 


A final rotatory dispersion approach, which ts of me significance’ 


in con- 
formational analytical work. concerns the detection and extent of ketal formation. 
Since ketals would not be expected to show any Cotton effect 1 1¢ 300 my region 
because of lack of absorption, the extent to which the amplitude of the Cotton effect 
associated with a given carbonyl group is diminished under ketal-forming conditions, 
would represent a quantitative indication of such a derivative act, this can be 
accomplished very readily by measuring the rotatory dispersion curve of a ketone in 
methanol followed by the addition of hydrochloric acid and repetition of the 
dispersion measurement. Since mineral acid promotes ketal formation, the reduction 


in the amplitude of the Cotton effect affords a direct measure of the extent of ketal 


production and since this is very sensitive to steric factors, there is available still 


*2 Unpublished work with J. Osiecki and E. J. Eisenbraun 
*8 Chapter 11 in ref. 10 
44C. Djerassi, L. A. Mitscher and B. J. Mitscher, J. Amer Chem. Soc. 81, 947 (1959) 
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another tool for determining such steric interactions on a microscale. The applica- 
tions of this approach to structural and stereochemical problems in organic chemistry 
have already been reviewed recently,’ and it will only be necessary to state at this 
time that ketal formation is inhibited by the introduction of alkyl substituents 
adjacent to the carbonyl group as well as by the generation of new 1,3-diaxial inter- 
actions. The operation of these effects can be demonstrated with trans-| ,9-dimethyl- 
decaline-2,6-dione (XXXI), which has recently been synthesized.** The isolated 
6-keto group exhibits a positive Cotton effect (similar to XIX), while the 2-keto 
function shows a very strong negative Cotton effect. The latter is more powerful and 


2 


as a consequence the 2,6-diketone XXXI possesses a negative Cotton effect curve 
(Fig. 9). In methanol solution in the presence of hydrochloric acid, the ketone at 


C-6 is largely converted into its ketal, because of the unhindered nature of the 


carbonyl group and the absence of any serious steric hindrance in the ketal. On the 


other hand, the 2-keto group does not react since It ts flanked by a methyl group, 


which greatly reduces ketal formation and even more importantly, it has an axial 


methyl group two carbon atoms removed. ( Oonseqd uc ntly, in the ketal, there would be 


set up a new 1.3-diaxial interaction and both these factors eliminate any possibility 
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of ketal production. As a result, the positive contribution of the 6-keto function is 
removed in the presence of hydrochloric acid in the form of its “transparent” ketal 
and the Cotton effect (Fig. 9) is now much more negative since it reflects only the 
strong negative contribution of the carbonyl group at C-2. 

The above discussion of the various ramifications and uses to which the anomalous 
rotatory behavior of only one chromophore—the carbonyl chromophore—can be 
put serves to show the enormous scope associated with anomalous rotatory dispersion 
measurements as compared to plain dispersion curves, let alone monochromatic 
polarimetry. These results have already led to a wide acceptance of rotatory disper- 
sion as a tool in organic chemistry and they have stimulated the examination of other 
chromophores in a similar manner. Indeed, it is this area which now forms the bulk 
of current investigations under way in our laboratory and preliminary results with 
several chromophores (e.g. thiones, nitroalkanes, disulfides, etc.) have already been 
reported.” 

At this time, mention will be made of only one such series, namely the dithio- 
carbamates, which appear to be of particular utility in the x-amino acid and peptide 
fields. Briefly, we found that dithiocarbamates of type XXXII show very strong 
Cotton effects in the 350-400 my region and that the sign of the Cotton effect is 
directly related to the configuration of the asymmetric center. Thus all such derivatives 
of L-x-amino acids will exhibit positive Cotton effect curves while negative ones will 
be shown by members of the p-series. This offers an extremely simple device for 
determining the absolute configuration of such a center and this appears to be also 
applicable to terminal amino acids in peptides, irrespective of the configuration of the 
asymmetric center to which the amide nitrogen is linked. Thus, N-dithiocarbo- 
methoxy L-alanyl-L-alanine and N-dithiocarbomethoxy L-alanyl-D-alanine give 
positive Cotton effect curves of nearly identical amplitude. A similar behavior was 
noted with xanthates of x-hydroxy acids (XXXIII), membership in the L-series 
carrying with it a positive Cotton effect. This affords a very simple alternative to the 
frequently quite vexing problem” of assigning absolute configurations to 2 hydroxy 
acids—the sign of rotation at the sodium D line offering only little information 
(e.g. (++ )-lactic acid and (—)-malic acid, both belonging to the L-series). 

CO.H S CO.H 
R’—$—C—0—C—H 
H R R 
XXXII XXXII 

These last examples demonstrate that the choice of a proper chromophore can 
convert an optically active substance possessing a plain dispersion curve into a 
derivative with an anomalous one with all of its inherent advantages. Work currently 


under way in our laboratory* has shown that even the unpromising mono-olefins 


(which absorb in a region which is currently quite inaccessible as far as rotatory 


dispersion measurements are concerned) can be converted into complexes with Cotton 


effect curves above 300 mu. 


* Chapter 14 in ref. 10 

46 B. Siéberg. A. Fredga and C. Djerassi, J. Amer. Chem. Soc. 81, 5002 (1959) 

47 See for instance the summary by K. Mislow, J. Amer. Chem. Soc. 73, 3954 (1951) concerning the absolute 
configuration of (+ )-mandelic acid 

4* EF. Bunnenberg and C. Djerassi, J. Amer. Chem. Soc. 82, 5953 (1960) 
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It is my feeling that a great deal of very fruitful work still remains to be done in the 


anomalous dispersion curves and that as additional chromophores are 


area ol 
investigated, the applications of rotatory dispersion to organic chemistry will multiply 


1 instru- 


manifold. In this connection, it should be emphasized that improvements 
mentation should not be neglected As spectropolarimeters are developed with 
greater penetration into the ultraviolet, more ; more plain dispersion curves will 
to that \ | mcrease the scope of this tool Finally, 


become anomalous and 
it would be highly ¢ f rotatory dispersion studies would be supplemented or 
even substituted determinations of ilar dichroism 4 commercially 
available instrument ng rapid circular dichroism would 


represent a great ad\ 


My 


BIBLIOGRAPHY 


) 


28 
* 
in this field 
a I references t thirty-seven 
q papers which hav« r lat ry tory disp field 
x L. E. Gelk E. J. Bisenbs Optical Rotatory Dispersion Studies—XXVI 
Halol 1). J. 25, 
2N. L.A er, J. A L. E.G C.D 0 R Dispersion Stud 
XXVIL Q H eR D Method. J 
C. Die Optical R D XXVIII. The Absolute Co 
4. P. Crabbe, C. D S. Liu, O ry Dispersion Studies —XXIX 
6. B.S A. Pre C.D D A 
1) 0 ) S S Roce \ 
1) ‘ 0) ( Probk s R ( j 20. 10] 
(195 
Halot Chem. 25, 
\ \ R. B.H R D> S XXXIV 
The R ers (VIII). k Equilit Measure 
‘eg N.1 R. C. Cook A Optical R D Studi 
$ 
XXXVI H D B cB of 2 
M A Chem. Soc. $2, 548% 0 
12. R. Vilk HJR C.D Or R y Dispx Studi XXAVIL On 
the Me emical ¢ §-Keto Steroids and theit 
4 Enol Acetates. x-Haloketones (part 8). J. 4mer. Chem. Soc. 82, 5693 (1960) ae 


Tetrahedron, 1961, Vol 3 ». 29 to 47. Pergamon Press In Printed in Northern Ireland 


OPTICAL ROTATORY DISPERSION 


SOME APPLICATIONS TO STRUCTURAL AND STEREOCHEMICAL 
PROBLEMS IN ORGANIC CHEMISTRY 


ile have 
nt paper 
treatment 


ire irom 


irding, studies 


unds W I lav no absorption 


York (1960) 


: 
W. KLYN 
Lee Westheld Ce eve, | versil f London 
rl +1 + } heer of sarallel with the studies yf 
[pus paper Geals with work that has een Ci ed out paraiiel with the studies ol : 
Dierassi (discussed in the previous pape ) altnougen Stal } at a tater cate. , 
he first half of the paper is concerned with Ketones; in this field our thi ng has : 
been guided by the O int Rule evel mh me Ha vVard discussions of July and i 
already heen discussed ere by witz”’ and Diet SS! the pre 
i re deals with some apt ations which have specially interested m« In this ‘ 
many experiment lata are taken from Dijerassi’s papers—and some 
af published and unpublished work by Prof. G. Ourisson of Strasbourg ‘ - 
3 oe band within the range of wavelengths studied 
- 
Gener 
; 
‘ In tl Naner na ) ude Oo on ¢€ ) as 
‘ sc f yloehra iitlerence 
are @ iS ‘ C aivedTalec ¢ CTence 
het w ec lor p x ( 1¢ rco 
7 Te su yitude ! aic difierence Detween the 
tat noth that 
n tt 4 ( ) ) ) Cit 
} if 14 
er could be mea ed rhe ie; ma erefore be greater than the vaiue 
4 wen " Cl ark 
SUDNSTITUC is TC OC i ttt) vi ih ul Vil tne pi Ui 
R. M W.K C.D ; 
CD ) j ) { ) Ci Met H New York 
C.D Rec. j 20, 101 | 
= W_K n O y R. A. Ra l. Interscrenc ork 
(1960) 
ne W. Kly d A. C. Parker, Phy Me Organic Chemistry (Edited by A. Weissberger) 3rd Ed 
New 


W. KLyne 
We have, in the course of other work, assembled data for three 


its Cotton effect. 
111), which enable us to confirm these 


series of steroid ketones (Formulae I, Il, 
findings, and make a roughly quantitative statement (see Table 1). 
For substituents on a rigid skeleton such as that of the steroids, the introduction 


TABLe |. STEROID KETONES ABSENCE OF EFFECT BY REMOTE SUBSTITUENTS ON 


AMPLITUDE OF DISPERSION CURVES* 


Formula Amplitude 


3-Oxo-5-steroids (Formula |) 


H 

Et 
R CHOH. Me 
R CH 
R CH 
R C.H,,O 
R CO.Me 


-steroids (Formula II) 


H 


CH.,),.CO.Me 


la 


of alkyl, hydroxyl or even benzoyloxy groups at distances of 7or8A froma carbonyl 
ence to the amplitude of the Cotton effect. 


group makes a barely significant differ 


Substituents closer to the carbonyl group, e.g. 17- or 20-substituents in an I1- 
oxosteroid (IV). do make a significant difference to the Cotton effect of the carbonyl 
R. H. 


group, as might be expected ; studies are in progress jointly with Professor E. 


Jones (Oxford), but are as yet incomplete; two compounds have been found (3«,20/- 


diacetoxy-5/-pregnan-1 l-one and methyl 3a-acetoxy-! l-oxo-5/-etianate) in which the 


Cotton effect is almost suppressed. | ntil we have studied a more extended series of 


. 
Ss-And tan-%-on 
>-one - ? 
Spuirosta 3-one 61 
3-Oxo-5x-etianate, methy! SO 
al 
> 
§-Androstan, | ydroxy R = OH(x) 
\cetox) R = 20 
$-Cholestan-3-one R CH 2s 
3-Oxo-5/3-cholanate, methy! R CHM 19 
a 7 
144 
$8-Androstan-17-one 149 
Androst-5-en-1 e,3/)-hydroxy 143 
65 in CHC 
Pu 
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x 
compounds, speculations regarding the reasons for these abnormal curves 
premature. 


3. Use of the Octant Rule for cor figurational allotments 


The following examples illustrate the use of the Octant Rule (or its forerunner, of 


more restricted scope, the axial «-haloketone rule’). 
*C. Dierassi and W. Klyne. J. Amer. Chem. Soc. 79, 1506 (1957); C. Djerassi, J. Osiecki, R. Riniker and 
B. Riniker /bid. 80, 1216 (1958) 
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Summers’® in 


(V, X 


Swansea obtained by bromination of the 6-oxo-2:3-seco-steroid 
H) a bromocompound which showed a very large negative Cotton effect; 


this indicates conclusively that the bromine is axia/ and the Sxz-position (V 


Br). 
Amplitudes (V, X H) —63: (V, X Br) 368 


in Oxford in theu 


x-bromo derivatives: 


lones and his colleagues" 


studies of l-oxosteroids (VII) 
obtained three pairs of the large amplitude-contributions of 


negative in each pair) show that these 


the bromine substi 


tuents (one positive and one 


LOSTEROIDS 


are 9x-bromo and 12 


z-bromo compounds (VI and VIII) respectively. See Table 2, 
and comp 


pare previous res erassi ef al.” 
Similar use of 1 y di curves for configurational allotments has been 
made by Jo ws ¢ heir studies on steroid acKking ring \ (de A-chole Stan-)- 
ones: IX). The reference cot ipound without a bri 


a bromine substituent (IX) was measured 
by Dhierassi (a 16) hree different monobromo compounds gave the following 
results in nanads 


bromo (equatorial) a 


romeo 


1Op-bromo (axial) 
Barton and Gilham 


obtained fron 
Cotton effect of 


which (a. 9) showed that it was ol type (X) 
roid 


‘ 
lumisantonin a s-2-decalone, the negative 


enantiomeric in 


deduced the (9R) absolute configuration of a 10-hydroxy- 
trans-2-decalone (X1) from its negative Cotton effect (a. 67) 


4. 2-Hydroxycyclohexanones and the Octant Rule 
Hitherto the various authors interested in the Octant Rule have refrained from 
bringing x-ketols of the 2-hydroxycyclohexanone type into consideration 


because of a suspicion that hydrogen-bonding, 


perhaps 
solvation or other factors might 

G. H. R. Summer j 

E. R. H. Jon 

R. H. Jones ef 

H. R. Barto lar Chem. Soc. 391 (1959) 

. Prelog and H {cta 42, 2624 (1959) 
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Amplitudes (a) 
© 
$-Androsti l-one,3 ; 204 206 
§-Andros l-one 24 242 
Androstan- 3,1 1-dione 199 
See Dic 
i 
é 1 a. 2 
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A 
C-4,5,6,7 lie approximately behind 
C-3,9,8,! respectively 


XIV 


6— Oxosteroid 


xy 


2-—Oxo- Anor- Sa- steroid 
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complicate the situation. It now seems, however, appropriate to survey the available 
data—chiefly from Djerassi’s work," with some additions of our own. 

A very condensed survey is given in Table 3; from this the following groups have 
been omitted for the reasons given. 

(a) cyclopentanone ketols—e.g. 16,17-ketols—because the shape of the five 
membered ring is inadequately known (cf. Fishman and Djerassi,”* also later pp. 
5-10). 

(b) some D-homosteroid ketols 7,17a-ketols—since certain simple ketones of 
this series behave abnormally 

(c) 148-steroids (i.e. C.D-cis fused steroids)—because the conformation of the C 
ring is not definitely known 

Table 3 shows that for the remaining steroid z-ketols it is generally true that (a) 
equatorial hydroxyl or acyloxy substituents have little influence on the Cotton effect: 
(b) axial hydroxyl or acyloxy substituents in rings A and B make large contributions 
to the Cotton effects of the same sign as chlorine or bromine in the same positions; 
(c) axial hydroxy or acyloxy substituents in ring C make large contributions to the 
Cotton effect of the opposite sign to those given by chlorine and bromine in the same 
position. 

This anomaly | ated without any suggestion of a possible solution; it may be 


that a modified chau nformation of ring C is partly responsible 


He vahydroindai Ones and related ketones 


alicyclic ketones in which the carbonyl group ts 1n a five-membered ring 


It has been clear for some months that difficulties would arise in applying to 


he Octant 

Rule which hi n so successful in summarizing the results for the cyclohexanones 
and related ketones 

Recent findin the hexahydroindanone series have led me to suggest that the 

skewed nature of the five-membered ring itself exerts a strong influence on the 

symmetry of the carbonyl group here—1in contrast to the six-membered ring, where the 


ring itself is perfectly symmetrical about the carbonyl group, and asymmetry is due 
to the second-order eflects of substituents 

Lack of precise knowledge about the shapes of five-membered rings’ precludes 
any detailed quantitative treatment, but the following notes sketch a rough picture 
which seems to ver the major features. (Most data are taken from Dyierassi’s 
papers 

rans-Hexahydroindan-2 These compounds of general formula (XII) are 
distinguished by the very large amplitudes of their Cotton effects (greater than 200), 
Until recently they have been represented by the compound carrying a methyl group 
at one ring junction (XII, R Me), and extended analogues of this (16-oxo- and 
A-nor-2-oxo-steroids) 


Recently Miss P. Bourn (1.C.1. Ltd., Welwyn) has prepared the non-methylated 


Halpern, O. Schindler and Tamm, Hei Chin icta 41, 250 (1958). 
Experientia 16, 138 (1960) m indebted to Prof. C. Dierassi for a copy of 


3549 (1956) 
ath, . timer. Chem. Soc. 81, 3213 (1959) 
S. J. Barr and N. Pearson, J. Amer. Chem. Soc. 81, 4915 (1959) 
Jenkins and G. H. R. Summers, J. Chem. Soc. 3048 (1959) 


« 
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4 
; 
om 
C. Djerassi, O. Halpern, \ 
J. Fishman and C. Djerass 
C. G. Le Fevre and R 
K S. Pitzer and W. I 
F. V. Brutcher, T. R« 
C. W. Shoppee, R. H 
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TABLE 3. &KETOLS AND THEIR ACETATES*T 
No reference is made to different substituents at C-3 for 11- and 12-oxo-compounds 


Reference 
Position of 6 x-Substituents Amplitude, Contribution 
cries 


and 
keto group OR (a) of OR (Aa) . 


source 
Sa-Cholestane none 
(eq.) 
“OAc (ax.) 
4.4.Dimethyl-5«-cholestane none 
24-OAc (eq.) 
OAc (ax.)§ 
z-Cholestane none 
(ax.) 


5a-Cholestane 


Spirostan 


}-Cholanate 


Ergostane 


-Etianate 


(eq ) 
none 
(eq.) 
IH 
(ax.) 
+-Cholanate none 
1 1la-OH (eg.) 
115-OH (ax.) 
5/-Etianate none 
1 1a-OAc (eq.) 30!D 
11p-OAc (ax.) 117!D 
* Own work 
C. Djerassi, O. Halpern, V. Halpern and R. Ris 
J. Amer. Chem. Soc. 80, 4001 (1958) 
C. Dierassi. W. Closson 
Chem. S 78, 3163 (1956) 
*C. Djerassi, ef a 
Prof. H. B. Henbest, Belfast 
‘Dr. T. G. Halsall, Oxford 
’ Prof. E. R. H. Jones, Oxford So 
* Dr. O. Schindler, Basel 
* Solvent, methanol, except for values marked D 12 
which are in dioxan - 
t For previous work see chiefly Djerassi ef al.’ 1] 
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* ./ Normal Abnormal 
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3.34 ¢ 
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2 
4 
2 
(ax.) 110 32 : 
128-OH (eq.) 44!D i! 
12f8-OAc (eq.) 1! d 
12x-OH (ax.) 42D d 
12%-OAc (ax.) +5 d 
no 
128-OH (eq.) 14! d 
126-OAc (eq.) 28 
12%-OAc (ax.) 3 a 
1! Sx-Ergostane none 12 
4 
12%-OAc (ax.) 85 
7 
12%-OH 1X.) 10 10 a.s 
12x-OAc (ax.) 44 34 a 
a 
/ 
d 
d 
: 
\ 
‘ 
| 
d 
j 


lg sysicem itself 


ine two atoms 


P. M. Bourn W 


6 W. 
Taste 4. SUMMARY HEXAHMYDROINDANONES 
\ 
‘ Refer ] 
4 
ry 
& 
y 0-14 N.O 
2 
= 
aa a 
a 
7s 
Ya" 
3 
«4 analogue (XII, R H) (cf. Hiickel, I tead R.D. curve of tl measured ee 
im Ou} aDdOT ry if ‘ oll \ Lic il Vil | il of 
(XU, R = Me rhe e methyl group is not, therefore responsible for the large 
3 Cotton eflect: inspection of mod n the light of the Octant Rule led to the con Bot (a 
4 ciusion that we id not He re spons ble ie 
4g The asymmetry of the structure (X11, R H) lies, then, in the ri i oe 
and consideration of models leads us to suggest that the asymmetry 
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C-8 and C-9 (or of the bonds marked * * in formula XIIA) with reference to the 
carbonyl group is responsible for th arge Cotton effect. 

These tentative ideas were discu leagues in Ziirich and Basel, several 
of whom (notably nphasized that this skew 


XI \ contrasts sharply 


ved 


where anv asvmmetr\ 


compound ( 
B coming in a near octa 


Three other examples from the work of Ourisson are included 


cis- Hexahydroindan-2-ones. Only one example ts available here, the 5f-A-nor-2-oxo 


37 
3 
ae 
is of “second-order” due to substituents, not to t ring itself. 
yy It is therefore not unreasonable to ascribe the rge measure Of asymmetry in the 2 
carbor rroup of XII tot skewed 1 itor 
ee We do not know the shape of 1 cyciopentanone ring’’”* although the 
— latest evidence seems to t a ‘half-chair’ conformat lt convenient to 
assume that the shapes of the cture ptt at c mode ith the regular : 
valenc' ngl repl ent pT tru ipe Ul n (The author 
We tain for 2 X11 1 re XILA vhich the 
itoms iC9 a ring-bor vhich are hyperc 1 with the 
carbo roup (Ci-< 1 ition to t et planes ol 
(XII, R = H)(—222) and (XI, 
a C-8, C-9) to the ¢ ft of X f the angle 
rer tio! ring re tal th 
R R H) \ XVI. R R M a) 
would b terest 
These result d 1 e for groups subsequently discussed a! I rized in | 
Table 4 
trans-Hexal 1 é The & ira hexahydr« lat | (XVII) 
which is the bicyclic ar e ofa 17 moderat iumplitude 
(88). The pictur XVIIA wit rle al he 
cvclope tanor i¢ ) n ct ( ess 
fror ( S ay ( ( ( 
oe Phe increased amplit XVIII) is due to added atoms (of the 
Aand Bru pe octant Ihe ring B-aromat eroid 
aie oestra-5, /.9(10)-trien-! ’ hich the A and B ru ire nearer to a symmetry 
plan (XIX a S')s Ws an plitude nearer t that of XVII 
The 147-1 5-oxost roid (XX) now at liar to t if of the 
AS rer "4 [40): this case might be complicated by atoms of rings A and 
Table 4 


XX 


5— Oxo— steroid 


XX! 


2—Oxo—Anor -54-— steroid 


steroid XXI (a, 150). Here we have wo skewed negative ring atoms (C-5 and C-10, 


two appreciable positive combinations from next nearest atoms C-7 and C-19, and 


number of very small negative contributions in rings C and D. 

cis- Hexahydroindan-|\-ones The simple compound XXII has been recently 
measured (Acklin and Prelog®*) and found to have a small positive Cotton effect 
(+20, approx.). The picture shown by XXIIA—the conformation favoured by 


W. Acklin and V. Prelog, Helr. Chim. Acta 42, 1239 (1959). 
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Prelog—-does not seem to fit this value well. XXIIA would have a single skewed ring 
atom (C-9; negative) and two small positive contributions from C-5 and C-6 (C-7 


and C-8Me cancel). The alternative conformation XXIIB would have a single 


positive skewed ring atom and some positive contributions from the six-membered 
ring—i.e. its total Cotton effect would be rather strongly positive. 


The disagreement of the experimental result with these predictions suggests that 
the true conformation must be a distorted form (perhaps of XXIIA)—or conceivably 
there is a conformational equilibrium (XXITA B). 

This matter can be tested further by considering some extended compounds of the 


The 148-17-oxosteroid (XXIII: a, +34) has a number of additional 
XXIII must have 


steroid series. 
atoms (in the B and A rings) in both positive and negative octants; 


Me i 


| 


7 —Oxo — steroid 


the conformation shown (similar to XXIIA), and the conformation as XXIIB is 


impossible. 
Some other examples are available, in which the keto group Is adjacent to a ring 
junction carrying hydrogen instead of methyl. 3-Oxo-5/-Anor steroids (XXIV) have 
one skewed positive ring atom, and many ordinary positive contributions; the 
observed amplitude | > triterpene derivative, trisnor- 
hopan-21-one (XXV) is a very close analogue of a 3-oxo-5/-Anor steroid: it shows a 


118). 


133) supports this at alysis. The 


similar strong positive Cotton effect (a, 
The 15-oxo-148-steroid (XXVI) (Lardon, Sigg and Reichstein®) is roughly 


enantiomeric to (XXIV) and has (a, —125). The picture might be complicated here 


by ‘near octant’ effects from rings A and B. 3/-Acetoxy-trisnorlupan-19-one (XX VII) 


is verv similar to the enantiomer of a 15-oxo-14/-steroid; its Cotton effect is positive 


(+-80). 
In all the above no account has been taken of the possibility that the six-membered 


23 A. Lardon, H. P. Sigg and T. Reichstein, Helv. Chim. Acta 42, 1457 (1959) 


a 
. 
| 
XXII A 
‘5 
| 
i ‘ 
4: 


Anor—5 — steroid 


a distorted chair, or a form 


nt between the 
nexane rings) 
indirect evidence 


nm most ot 


> > 
(3,2,1] « fan-Z-ones 


These compounds (XX VIII-XXX) are only slightly distorted cyclohexanones and 


a few data collected by Prof. Ourisson suggest t t the Octant Rule may be applied to 


hout aw silt 
without 


(-- )-Homoepicamphor (XXVIII) and (— )-homocamphor (XXIX) show positive 
and negative curves pectively. Measurements were incomplete but the rotations at 
peak an trougn 310m I yectivel indicated that the an plitudes would be 


approximately : al with th ant diagram which, if one con- 
siders the structures as a substituted cyclohexanone. show in each case a (somewhat 
displaced) 2-axial methyl group having a greater ef 


lect than the gem-dimethyl at C-3 
(cyclohexanone numbering) 

“R”-Homocamphenilone (obtained from ( )-camphor) was found by Ourisson 
to have a strong positive Cotton effect (a, 110); this supports the formula (XXX), 


* The results of Djerassi, Marshall and Nakano, J. Amer. Chem. Soc. 80, 4853 (1958) on decalones and 


related hexahydroindan-5-o1 tend t this argument 
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a XXVI 
XXV 
‘ te ‘ } ns } ‘ 
Intermec tic WeCTi a & all 
a. It may be remarked here that the very general and close agreen ; as 
a predictions of the Octant Rule (based on perf t chair torms ot ¢ ; 
es and the experimental find n the extended cyclohexanone series is eck 
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XXVIII 


(+)-Homoepicomphor 


R—-Homocampneniione 


XIX 


Homocomphor 


Xxx 


Al. 


and not that of the tio! isomer (XXXI). which would have mall positive 
Cotton effect 


These are import 

natural products. Within th few months the absolut nfigurations of two 
members of the group have been detern ned ference to cyclohexanone types 
obtained by further gradation. ‘y are the nor-ketones (XXXIII) from phyllo- 
cladene (XXXII), and (XXXVIII) from gibberellic acid (XXXV). My own attempts 
to solve the problem of the absolute configurations by direct application of the Octant 
Rule to these bridged-ring ketones were quite unsuccessful. Perhi a quantitative 

treatment may have better fortune 
The decalone-type structure ( XXXIV) obtainec m phyllocladene shows a strong 
positive Cotton effect (a, — 81, in et a similar compound with 
CN in place of CO,Me kindly s upplied by Dr. R. Hodges of Glasgow gave (a, 65!) 
in our hands. The correlation between a locladene and manool achieved by Grant 
and Hodges” fixed the configuration of the A/B ring junction in phyllocladene and 
this together with the rotational arguments of Djerassi ef al.24 determines the whole 

, M. Cais and I Mitscher, J. Amer. Chem. Soc. 81, 2386 (1959) 

Grant and R. Hodges. Tetrahedron Letters No. 10, 21 (1959) Tetrahedron 8, 261 (1960). R. Hen- 
nd R. Hodges 226 (1960): cf. als iges et al., Tetrahedron Letters No. 8, 13 
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Bicyclo [3,2,1] octan-6-ones 
(1959) 
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stereochemistry of the nor-ketone as XXXIII, and therefore of phyllocladene as 


XXXII. 


Similar arguments apply to the C/D ring area of the gibberellic acid series, d 


1S- 


cussed in preliminary notes by Cross. Grove, et a/.% and by Stork and Newman*’. 


0 


ral typ (XXXIX) in which the original contigura- 


‘ 7 ne re 
sitive Cotton t curves, indicating the stereo- 


removing n yiene group al show positive curves whilst those ol type 


(XXXVII) (gibberic acid produced by Wagner-Meerwein rearrangement show 


ketones (XXXVIII) obtained by merely 


negat 

These result ite that the bridged-rin yclo 2,1] structures of general 
type (XL) have | tive otton effects, and tho of the enantiomeric type (XLI) 
have negative eff he application of these refer > values (cf. Table 5) to the 


extensive observations of Djerassi’s school on cafestol ‘viol, and the Garrya 


alkaloids™ follows logically 


& ind. 1345 (1959) 


F | | | 7 
H 
) 
~ 
Gibbere acid Allogibberic acid bberic acid 
| 
exonhy f ‘ 
XXXV 
‘ 
j 
chemistry shown. The bridged-ring 1 
A ** B. E. Cross, J. F. Grove, P. McCloskey, T. P. C. Mulholland and W. Klync, Chem. EE a ee 
a G. Stork 1H. Ne n, J. Amer. Chem. Soc. 81, 3168, 5519 (1959) ar 
C. Diecrassi, B. Riniker and R. Riniker, J. Amer. Chem. Soc. 78, 6362 (1956) 
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TABLE 5. BicYCLo [3.2.1] OCTAN-6-ONES* 


a Ref 


lype XI 
From phyllocladene 108 D 


From gibberellic acid 3S 


ric XLI 


i 


Bic [2,2, I heptan 
Ourisson and his colleagues’ have studied a number of these compounds (type 


XLII) and the following notes represent my own attempt to consider their results in 


the light of the Octant Rule. This is an alternative treatment to that given by Jacob, 


Ourisson and Rassat2® in which they consider the relative bu/k of two bridges. It is 
not yet possible to apply the Octant Rule in such a way as to predict the Cotton effect 
of the fundamental skeleton (XLII), but the contributions of substituents (e.g. methyl 
groups) generally follow the pattern expected from the Rule. In other words when the 
substituted compounds are considered in pairs, the differences in amplitude are nearly 
all of the sign expected. However, the results are not such that one could use them 
to predict the Cotton effects of any but ver) closely analogous compounds. 

All observations and calculations based on models at this stage necessarily assume 
perfect tetrahedral angles throughout. This assumption ts almost certainly incorrect 
but at present we have no better data for valency angles etc available. 

In (+)-camphenilone XI Ill only two atoms (6 and 7) are significant, since 3a 
and 3b are in approximately symmetrical positions. The observed amplitude (+-18) 
is therefore the best estimate we have at present for the fundamental skeleton XLII. 

The comparison of 2 4-dimethyleamphor (L) (a —50!) and camphor itself (a 47) 
(XLVI) shows that C-3a and C-3b together havea sn allcontribution, probably negative. 
However. since it is small, their contributions do roughly cancel. 

The bridge-head methyl group (la) in fenchone deserves comment. Comparison 
of (XLV)+(XLIID) indicates that this group has a negligible positive effect (Aa, +3). 
On the perfect tetrahedral model la is just in the upper right octant (negative) but it 
is so near the vertical C plane (position of w hich is arbitrary) that any prediction would 
be unsafe. The experimental value alone ts significant. 

Let us now compare «a-dimethylcamphor (L) and fenchone (XLV). The addition 
of the gem-dimethyl group (7a and 7b) makes a contribution (Aa) of —70 or more. 
The position of C-7b (very near a vertical symmetry plane) suggests that its contri- 
bution would be small. C-7a would be expected to have a large negative contribution, 
but not as big as —70 a units This may be due to repulsion between C-7b and C-3b 
with consequent distortion of the ring system. 


7 28 
a 
From cafe 113 D 25 
Q2 
From steviol ) 28 
— 
Cuachichicine 19 28 
* So nethanol, cept for xcs marked D 
. 
? 
vork iso rel 
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The effect of the gem-dimethyl group (C-5a, C-5b) may be estimated by the 
compar son (XLVII XLIID) as Aa 28 The Octant Rule suggests for C-5a and 
“ID micrate negative a al live contriduls together the 


differences 


44 
3 
con ition snoulk < } per 
4 for the ne sofenchone (XLIX) and ey one. No 
. ent to draw attention to the 
n K classic years ago. Kuhn's calculations. 7 
data t 
4 | | 
oF 
Reference (29 enthes — 
eses ore omplitudes ; solvent 
ne! es herwise ted 
— 
St 
_ 
yclohexone 
30 
G. Jacob. G. Ourisso RB n. Fr. 1374 
: W. Ku ind H. K. Gore, Z. Pi Chem. B12, 389 (1931); W. Ku ind H. L. Lehmann, 7. Elektrochen a Fo) 
37, 549 (1931) 
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with no absorption above about 280 my) since the dispersion curves must necessarily 


vive more information than “monochromatic” rotation measurements at 589 mu. 


Our work has been largely carried out on ste 


ids from our own and colleagues 


stocks and from the Med cal Re sea;>e h¢ ouncil’s Steroid Reference ¢ ollecti n. and also 


‘ 
OUUCLS 


somer;ric 


summed up 


as follows: (1) the rotatior bett the rotation contributions of the substituents 


(cf. below)—are in all ca h ater at 300 mu than at 589 mu: (i) none of the 


functions readily calculated from the dispersion curves appears at present to give any 


Kemi (1960 


1¥Y60) 


+ 
on a variety of other natural pri 
a The questions which we have tried to answer are (i) what are the most suitable " : 
He data for structural purposes to be obtained from plain curves (Drude constants, a 
dispersion ratios n ilues ata vavelengeth?): (i) he aoes cinal 
qi action (betwec } y functions in the ime compound) vary with wave- 
leneth’?: ¢ yw per ola ymologous series of conhigura- 
( CT DOT papers O! Lal C acids 
have been published Dr. B. Sjdberg, describing work done in Prof. Djerassi’s 
i 
4 
| 
proxices 
R' H 
In this work (with Mr. P. M. Jones) we have studied compiete serics ; 
3-. 17- and 20-monosubstituted steroids (LI, The results*' may be 
B Siébere. Acta Chem. Scand. (1960): Ark. 960) 
Jones and W. Klyne, J. Che Soc. 871 (= | 
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more useful structural information than the simple value of [4] at 300 mu. These 
results are very much what might have been expected from the earlier results of 
Dierassi ef a/.***. although a much wider range of functional groups should be 


studied before any generally valid conclusions can be drawn 


It may be pointed out that while the fundamental steroid hydrocarbon skeleton 


(Sx- or 5f-androstane) has an almost negligible rotation, even at 300 mz, other 
steroid hydrocarbons carrving substituents at C-17 (Sa- and § /-pregnanes and chole- 
stanes) have appreciable tations at 300 mu (Table 6). These rotations should be 
subtracted from the rotations of monosubstituted pregnanes and cholestanes to 
obtained rotation contributions (.Adé values) for the substituents themselves 


17-diols and their di- 


acetates and dibenzoates has Deen studied In general the vicinal action at 300 mu 
10 vs the same pattern as it does at $89 mu. In other words for disubstituted com- 


pounds where the ‘old-fashioned’ monochromatic 4M,, values for the individual 
substituents are additive, the dispersion curves are additive; for compounds where 
there is moderate divergence between observed and calculated M,, values, the 
observed and calculated dispersion curves show a similar moderate divergence. 

There is however one apparently glaring exception to the rule of (at least approxi- 
mate) additivity—viz. dibenzoate (LIII]). The observed 
values for [4] were +90 (600 my) 170 (S00 mu) and 1460 (300 mu): the corre- 
sponding values calculated trom those for 3«- and 17z-monosubstituted compounds 
were — 180, —210, —920. No explanation for this behavior can be advanced as yet, 
but the possibility of “interference” between two benzoate groups on the «-side of the 
molecule must be envisaged; this might be accentuated if ring A is a deformed chair 


or boat. 


11. A homologous series—some asymmetric sulphoxides 


No extensive set of rotatory dispersion curves of a homologous series has appeared 
as such in the recent literature. There are several sets (over restricted wavelength 
ranges) in the classical literature, and data must be available for a considerable series 
of aminoacids in the work of the Bethesda group (Greenstein et a/.™*), but only Drude 
constants are given in their papers. 

The valuable work of Schellman (see this vol. p. 176 and Chap. 15 of ref. 5) on 


aminoacids was not available before the Conference. 


* Cf. ref. 5, Chap. 1 and I 

* C. Djerassi, E. W. Foltz and A. E. Lippman, J. Amer. Chem. Soc. 77, 4354, 4359, 4364 (1955) 
** P. M. Jones and W. Kivyne, J. Chem. S 871 (1960): see also P. M. Jones, M.Sc. Thesis. London (1959). 
* M. C. Otey, J. P. Greenstein, M. Winitz and S. M. Birnbaum, J Chem. Soc. 77, 3112 (1955) 
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In collaboration with Professor A. Kjaer of Copenhagen® we have measured a 
series of asymmetric sulphoxides of the general type (LIV) where n = 5-10, X is S 
or O, and R is H, Ph or CH,Ph. As might be expected, the dispersion curves of the 
various members of this homologous series are almost superimposable. For 12 


examples [4] (300 my) lies between —950 and — 1080. 


12. Other work 
Other recent work on plain curves includes studies by Mateos and Cram*® on 


aralkyl derivatives of the general type (LV), by I yle*’ on z-aralkylamines (some of 


these show partial Cotton effects), by Bose and Struck on diterpenes.” We have work 
in progress on isoquinoline and emetine alkaloids with Dr. A. R. Battersby (Bristol) 


and on lignans with Professor H. Erdtman (Stockholm). 
icknowl 1 am greatly indebted to the Wellcome Trust for the generous provision of a 
Messrs. Imperial Chemical Industries Ltd. for other equipment, to the Depart- 

U.S. Army Research and Develop- 


spect 


ment 


Researcl 
Miss Jane 


of data ar 
pharmace 
Reference 


} 
oper ited the polarimeter 


A. K 


+4 
4 
ment Group in Frankfurt-am-Main for a ¢ 
a I am grateful to Prof. Carl Djerassi and Prof. Guy Ourisson for the free and continuing exchange : : 
an ij ideas: to the many colleagues w I e supplied san ples for our work cluding the : : 
at tical firms who ive sO generously assisted the per Council’s Steroid 
: "4 lection: and Mr. P. M. Jones, Mrs. Janet Day and Jackson, who have : 
j 
W. Kivne. J. Day and jaer, Acta Chem. 14, 2 (1960) 
— J. L. Mateos and D. J. Cram, J. A Ch Soc. 81, 2756 (1959) . 
G. Ly Ore. Chem. 25. 1779 60 
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SOME APPLICATIONS OF THE KRONIG-KRAMERS 
THEOREM TO OPTICAL ACTIVITY 


\. MoscowilTz 


Department of Chemistry, University of Minnesota, Minneapolis 14, Minnesota 
(Received 21 November 1960) 


IN general, the speed of a light wave traversing a material medium will be different 
from its speed in vacuum, and the intensity of the wave will decrease with the distance 
traveled. The extent to which these phenomena manifest themselves will depend, 
inter alia, upon the frequency v of the light wave. As is well known, it isa consequence 


of the geometrical dissymmetry of so-called optically active molecules that the magni- 


tudes of these dispersive and absorptive effects will be different for left and right 


circularly polarized light in media which contain such molecules. This condition 


obtains even in homogeneous. isotropic solutions (and our subsequent remarks will 


be confined to materials of this sort) with the result that such solutions exhibit both 


circular birefringence and circular dichroism. 
Subject to very general assumptions, it may be shown that the dispersive and 


absorptive effects associated with ordinary (as opposed to rotatory) phenomena are 


not independent and that from a knowledge of either one of them over the 


ion of the spectrum (/ O—>/ an in fact predict the other. 


This statement, which will be recognized as a form of the Kronig—Kramers theorem. 


holds not only for the experimentally observed cumulative absorptions and dispersions, 


but also for the partial absorption and partial d spersion associated with any particular 


Creer 


nic transition. Physically, of course, this is quite reasonable since both the 


dispersive and absorptive phenomena ta 


nce and 


al bire 
nalism of ordinary and rotatory 


e explicitly in the outline shown in 


he important quantity on the rotatory side in Table | is Ry, the rotational 
strength of the K™ electronic transition As has been noted elsewhere,° it is R, that 
in both sign and mitude the contribution of an electronic transition to both 

tatory dispersio1 the circular dichroism and { 


hence acts as the signed scaled 


factor that determines how strongly a particular electronic promotion takes part in 
phenomena associated with optical activity. In addition, as explained below, its 
value will mirror to a certain extent the nature of the chromophore whose transitions 
are involved. 

Prima facie, one might expect R K [L., B. U. K to be of the order of a Debye times 


~ 


a Bohr magneton, i.c. ~10~* cgs. This is indeed the case when the chromophore 


* R. de L. Kronig, J. Opr. § {mer , 547 26): H. A. Kramers, Atti coner. intern. f Como 
(1927 w with extens ences see J. R. Macdonald and M. K. Brachman. Re 
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Kronig-Kramers theorem 


TABLE | 


Ordinary phenomena Rotatory phenomena 


(1) Partial absorption band associated with the (1) Partial dichroism band associated with the K*® 
K"™ transition can be characterized in terms transition can be characterized in terms of 
of three parameters three parameters 

(a) wave length of maximum absorption (a) wave length of maximum ellipticity : 
AK 

(b) a measure of the halfwidth: Ax (b) a measure of the halfwidth: Ax 

(c) a measure of the area or intensity, the (c) a measure of the area or intensity, the 

dipole strength: Dx rotational strength: Rx 


she 


Dr N, 


20 


Here kx(A) is the partial absorption coeffi- Here 6x(A) is the partial ellipticity associated 
cient for the K™ transition. The total mean with the K™ transition; N, is the number of 


of absorption coefficient k«(A). active molecules per cm 
hes 


Rx is calculated as the imaginary part of the 


ot product of the electric dip y%le moment 


(2) Dx is calculated as the absolute value squared 
of the electric dipole moment matrix element d 


for the K* transition. We shall abbreviate matrix element times the magnetic dipole 


this as: moment matrix element (exclusive of spin) 
for the K™ transition. We indicate this as: 


k 


Rx = * 
(3) The real and imaginary parts of the index of 


refraction or dielectric constant related by the Real and imaginary parts of optical activity 


Kronig—Kramers Theorem ilar t fringence and circular dichroism, 
‘ related by a pair of Kronig 


pe reciprocal relationships 


itself is inherently dissymmetric (e.g. hexahelicene).*?_ However, when the chromophore 
possesses some higher intrinsic symmetry (e.g. the carbonyl group, which has two 
orthogonal reflection planes) then most often to a first approximation the transitions of 
the chromophore will be either electric dipole allowed or magnetic dipole allowed, but 
not both. It is the latter type of transition (i.e. where p, . 0 to the lowest order of 
approximation) that lends itself most readily to study by experimental polarimetry. 
In such instances the optical activity arises through an unsymmetrical perturbation 
of the chromophoric electrons by a dissymmetric molecular environment in such a 
way as to provide a small, but nonzero, value for the contribution of p* to the induced 
electric dipole moment. In these cases, p, & will be much less than a Debye and the 
value of Rx will be less than 10-* cgs by perhaps two orders of magnitude or more. 

We shall now consider specific calculations involving the two types of chromo- 


phores discussed above: 


Case 1—The essentially dissymmetric chromophore 


Example. Hexahelicene. When the chromophore is of the inherently dissymmetric 


type, it can be shown that the shape of the absorption curve and the shape of the 
Hence, if the rotational strengths can be calcu- 


dichroism curve must be the same.” 
lated and if the absorption spectrum be available, one should be able to calculate the 


2M. S. Newman and D. Lednicer, J. Amer. Chem. Soc. 78, 4765 (1956). 
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actual shape of the rotatory dispersion curve by means of the reciprocal relations 


relevant to optical activity We have performed such a calculation for the molecule 


hexahelicene2 which. as you know, is an aromatic hydrocarbon consisting of six 


benzenoid rings fused into a roughly helical form. 

At the April 1958 ACS meeting in San Francisco we presented our results for the 
calculation of the rotatory dispersion of hexahelicene in the region from 14,000 to 
27,000 cm='. For that calculation®:’ no knowledge of the shape of the dichroism is 


necessary. for the region considered is sufficiently far removed from any band center 


transition, 


happy to 

that the 

ple Hiickel 
‘ometry of the 
ry, the calcu- 


nh, see D D 
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was sufficiently encouraging to tempt us to extend the calculation into regions of 
resonance absorption by the method of using the reciprocal relations, as mentioned 
above. 

For the purposes of the extended calculation, the experimental absorption curve, 
which was supplied to us by Professor Melvin Newman and Dr. Lini Tsai of Ohio 


State, was approximated by a sum of three curves Gaussian in frequency corresponding 


to three optically active transitions, as shown in Fig. The results of the computa- 


tions are shown in Fig. 3 along with the experimental data supplied to us by Drs. 
(It should be mentioned here that the experimental absorption 


Newman and Tsai 
lvent in the 


data were taken with cyclohexane as solvent, but that chloroform is the sol 
case of the rotation data. This multiplicity of solvents is unfortunate.) 

The agreement between theory and experiment ts good, especially in 
t should be pointed out that 


view of the 


approximations that go into the calculation. However, 1 
because of the large amount of overlapping of the absorption bands under considera- 
tion, no unique breakdown into a sum of Gaussians Is possible, although the allowed 
range of possibilities is somewhat limited. As such, the calculation doesn’t represent 
an unequivocal test of the theoretical principles involy ed. Nevertheless, it is gratifying 
to note that one can at least achieve a reasonable simultaneous fit to both the absorp- 


tion and the dichroism where theory predicts that one should exist. And the calculation 


does provide a further confirmation of the validity of the rotational strengths as 


computed from simple molecular orbital theory. 
It is well to point out here the similarity of our approach to that used by Professor 
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Kuhn in some of his own calculations. Not only the approach, but the very forms of 
some of the equations turn out to be quite similar to his, although not identical. This 
is not mere coincidence, for as Condon* has pointed out, the ratio of quantum 
mechanical quantities, R ,/D,, which enters into the calculation ts closely related to 


Professor Kuhn's anisotropy factor Moreover, Professor Kuhn's approach to the 


rotatory dispersion curve 
on curves can be shown 
integral transform 

ver. we feel his 


as for example in the 


he chromophore 

environment, 

transitions will be 

trically disposed 

e environ- 

uce a dissymmetry in the electron distribution within the chromophore 


become optically active In such instances, the 


ons take on an added importance, 


they then serve 1 ea > the | re’s interaction with its dissymmetric 


molecular environment ice, the variation in the rotational strength of a particular 
transition of a chromophore from molecule to molecule should be fraught with impor- 


tant structural information. And the recent work of Djerassi, Klyne, Schellman and 


*E. U. Condon, Re Vl 
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others at this symposium has provided ample empirical justification for this point of 
view. 

rhe first step in the formulation of an organized program to implement these ideas 
would be to obtain fairly good empirical values for the rotational strengths from the 
existing dispersion data. The late Professor William Moffitt and I, in close coopera- 
tion with Dr. Djerassi, undertook to solve this phase of the problem and we have 


developed several graphical and computational procedures that will do the job. These 


~ 


FITTED CURVE 


EXPERIMENTAL 


entail varying amounts of labor and achieve varying degrees of accuracy. At present 
we feel that a computational procedure worked out while I was a guest of the Bell 
Telephone Laboratories and had access to their IBM 704 computer represents 

most satisfactory compromise between tractability and accuracy. Details of 

procedure may be found in Dr. Djerassi’s book.’ Just let me say at this point that the 
method uses the reciprocal relations in conjunction with a least squares curve fitting 
process for nonlinear functions to pick out, subject to the assumptions inherent in the 
procedure, the single dichroism curve Gaussian in wave length which best satisfies 


the data subject to the criterion of least squares. The rotational strength may be 


determined from the parameters of this curve. Two successful examples of the results 


of the curve fitting process are shown in Figs. 4 and 5. 

It might be well to point out here that in a series of similar compounds the half 
widths of the best single Gaussians may lie between fairly narrow limits. For example, 
in most of the saturated ketones we examined, the A’s for the 290 mu transition fell 
between about 18 and 21 mu. Moreover, in these compounds, the next higher 
transition is some 90 my toward the ultraviolet, so that the background rotation 


*¢ Djerassi, Optical Rotatory Dispersion € hap 12. McGraw-Hill, New York (1960). 
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contributed by all the transitions other than the onc under surveillance will usually 
have a relatively small curvatur 1 the region between the peak and the trough of the 


' vith the 290 mu transition. These two facts 


partial dispersion 


taken together allow one to e will be a rough proportionality between 
s. Advantage was taken of this propor- 


ly mentioned by Dr. Djerassi in his talk, 


rotation 
ne Ire 
wona til octant ruic 


basis by using molecular amplitudes 


45 50 55 


FITTED CURVE 


. EXPERIMENTAL 


SPECIFIC ROTATION IN 
DEGREES PER DECIMETER 
from A. Moscowitz, 


of the editor.| 


Of course. what is ultimately desired 1s a complete quantitative treatment of the 


octant rule. his we must examine the orbitals involved in the transition. 


Since the work of McMurry and Mulliken*, and later Pople and Sidman’, it has been 


fairly well established that the 290 mu transition in saturated ketones involves, 


<P 


roughly speaking, the promotion of an electron from an essentially nonbonding 
orbital situated on the oxvgen atom to an antibonding 7 orbital involving both the 


carbon and th ygen of the carbonyl group. The relevant orbitals are sketched in 
schematic fashion in Fig. 6 

As Dr. Kauzmann and Dr. Eyring® realized twenty years ago, a situation like this 
is best treated in terms of the one-electron theory. To a first approximation the transi- 


tion is electric dipole forbidden so that p,' for the transition will be zero to this order 


of approximation, although p,,.' will be of the order of a Bohr magneton. Here we 


have set the superscript K 1 since the transition we are discussing is the first to 


*H. L. McMurry and R. S. Mu en, Prox a cad. Sci. Wash. 26, 312 (1940); H. L. McMurry, J. Chem. 
Phys. 9, 231 (1941) 

7 J. W. Sidmar } , 42 $7 J. A. Pople and J. W. Sidman, Ibid. 27, 1270 (1957); 
W. Sidman, Che 

*W. J. Kauzmann, J ulter and H. Eyring, Chem. Rev. 26, 339 (1940). 
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appear on the long wave length side of the spectrum. The essential point then is to 
consider in what manner a component of pu," can be induced in the direction of p,,'. 
This can be brought about in the quantum mechanical formalism by allowing the 
excited state orbital, which in the coordinate system chosen is formed from a linear 
combination of 2p, atomic orbitals of carbon and oxygen, to take on some of the 
characteristics of still higher lying orbitals (e.g. 3d,, orbitals) under the action of the 
dissymmetrically disposed vicinal atoms. The entire excited state molecular orbital so 
formed will then be neither symmetric nor antisymmetric with respect to the symmetry 
planes of the carbonyl group and hence p," - p,,* will no longer be zero. 


Fo. 6. Diagrammatic representation of the ort 
(shown tor tormaideny eprodt i by pern 


rassi McGraw-H 


A detailed examination shows that if the perturbations produced by the vicinal 
atoms are spherically symmetric about their own atomic centers, then these pertur- 
bations are ineffective if the atoms lie in one of the symmetry planes of the carbonyl 
group. If the atom does not lie in such a plane, the sign of its perturbation contri- 
bution to p,' 


planes it lies. A third surface exists which will further divide the quadrants into the 


will depend upon in which of the four quadrants determined by symmetry 


eight sign-determining regions which form the basis of the octant rule mentioned by 
Dr. Djerassi. The exact geometry of this surface will depend upon the relative inter- 
actions of the perturbing vicinal atoms with the carbon and the oxygen that comprise 


the carbonyl group. For the present, this surface is approximated by a th 


ird plane 
perpendicular to the symmetry planes midway along the C=O bond to achieve the 
eight octants of the present formulation of the octant rule. However, the third sur- 
face is most probably not planar in form. 

The calculations in which we are presently engaged should shed some more light 
on the nature of this surface. I had hoped to be able to report on some actual results 
of the quantitative treatment of the octant rule at this meeting. Unfortunately, at the 
time I left Minnesota we were still a few weeks away from applying these ideas quanti- 
tatively to an actual molecule. All the relevant molecular integrals have been evaluated 


for the case of perturbing carbon and hydrogen atoms, and it is now just a matter of 


combining them properly to form the matrix elements pertinent to the geometries of 
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a series of actual molecules. The perturbation we have invoked is that of the incom- 
plete screening of the nuclei of the vicinal atoms as suggested by the work of Condon 
et al.” 

As I have already intimated, I think the origins of many of the ideas I have 
mentioned here can be found in the early work of Condon, Kauzmann and Eyring. 


At the time at which thev worked on the carbonyl problem, the carbonyl orbitals 


were not sufficiently well characterized nor was there the valuable experimental data 
available that we have today ) mer handicap has been overcome through the 
work of McMurry and Mulliken and the latter handicap has been removed through 
the work of Djerassi, Klyne, and others present here today. As such, it may be possible 
to put the octant rule on a firm quantitative basis. This could lead to a useful set of 
rules for the structural chemist and would at the same time allow the theoretician to 
decide which are the important intramolecular forces that give rise to optical activity 
of the sort just discussed 


TABLE 2 


Vote added in pri Since the time of the meeting, the calculations for a quantita- 
tive treatment of th tant rule outlined under Case II in the manuscript have been 


carried out for a numb saturated ketones in collaboration with Dr. L. C. Snyder 
of the Bell Telephone Laboratories. The results, which represent work which is only 
exploratory in nature and which should be considered as only tentative, nev ertheless 
seemed gratifying enough be worth mentioning here. We have used effective 
nuclear charges of 1:2 and 1-5 for carbon and oxygen, respectively, in the 7z-anti- 
bonding orbital together with Sidman’s coefficients, and we have used an effective 
charge of oth the carbon and oxygen d orbitals. In addition to the eflective 
nuclear charges for the z-orbital, two other parameters were necessary, and these 
were all determined empirically. Solvent effects were ignored. With these considera- 
tions, Dr. Snyder and I find the results indicated in Table 2. The experimental values 
were obtained from the data of Dyerasst and coworkers by means of the curve fitting 


procedure already described. The units are those of reduced rotational strength as 


given in Chapter 12 of Djerassi’s book 


* E. U. Condor t 1 H. Eyring, J. Chem. Ph 
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THE PRINCIPLE OF PAIRWISE INTERACTIONS AS 
A BASIS FOR AN EMPIRICAL THEORY OF 
OPTICAL ROTATORY POWER 


W. KAUZMANN, F. B. CLtouGuH! and I. Tostas* 


Frick Chemica bora *rinceton | versity. Princeton. New Jersey 


Few properties of matter can rival optical rotatory power as a potential means of 
gaining information about the more subtle aspects of molecular structure. Optical 
rotation is especially sensitive to such structural factors as the spatial conformation of 
a hydrocarbon chain in an asymmetric molecule and the existence of a six-membered 
ring in one or the other of the chair forms or bed forms. It is also easy to measure, it 
is not affected to any unusual extent by impurities, and the apparatus for measuring it 
is readily available. Furthermore, the theoretical principles that underlie the phe- 
nomenon are well understood ina general way. Rosenfeld’s quantum mechanical equa- 
tion for optical rotation specifies the fundamental molecular quantities responsible for 
the phenomenon and shows that it is dependent on the properties of the electronic 
transitions that give rise to visible and ultra-violet spectra. The more detailed models 
of Kuhn, Kirkwood and Condon and Eyring present us with specific ways in which the 
rotatory properties are related to molecular structure and conformation These 
theories have been useful in the interpretation of rotatory dispersion, circular dichroism 
the role of weak absorption bands, and the effects of solvents and temperature. 
Unfortunately the use of optical rotation has not yet reached the level of impor- 
tance that it deserves. The principal reason for this is that we do not yet have a suffi- 
ciently reliable and detailed understanding of the relationship between the optical 


rotation and molecular structure—an understanding, that 1s, which would permit us to 
predict with confidence the sign and magnitude of the rotation to be expected for a 
given molecule in a given configuration and conformation. All of the existing theories 
require such drastic approximations when one attempts to use them to calculate ¢ 


numerical value of the rotation that one can have little confidence in them for this 


purpose. Furthermore, there is no reason to ¢ Kpect any great improvement in the 


current theories in this respect in the near future. 

At the present time, therefore, the only hope of success in relating optical rotation to 
molecular structure seems to lie in a more empirical approach. Such an approach has 
been attempted by a number of workers with varying and uncertain success. One of 
the earliest attempts was the van’t Hoff principle of superposition, which we now know 
cannot be valid except in certain limited circumstances. More recently Marker® 
Whiffen* and Brewster® have given discussions of the signs and magnitudes of optical 
rotations which are encouraging, although the general validity of the principles that 
they have proposed still remains to be demonstrated. 

Present address: Department of Chemistry, Stevens Institute of Technology, Hoboken, N.J 
! Present address: Institute for Molecular ysics, University of Maryland, College Park, Md. 
R. E. Marker mer m. Soc. 58, 976 (193¢ 


*D. H. Whitfes hem nd. 964 (1956) 
> J. H. Brewster, J. Amer. Che 81. 5475. 5483. 5493 (1959). 
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If an empirical approach is to be fruitful, it ought to be set up in a manner consis- 
tent with what is known about the general theoretical basis of the phenomenon. In 
this paper we shall examine these basic requirements. Many theories of optical rota- 
tion show that each pair of groups in an optically active molecule can interact to give 
rise to a contribution to the optical rotation. The contribution by a given pair will in 
general be affected by the remaining groups in the molecule, but under certain circum- 
stances such disturbances will be small, and it should be a good approximation to 
express the optical rotation as the sum of contributions arising from all ways of pairing 
the groups in the molecule (the principle of pair-wise interactions). We shall examine 
the degree to which this principle may be valid in different types of optically active 
molecules and we shall show how the principle may be tested further. We shall also 
show how it may be useful in studying the absolute configurations and conformations 


of organic molecules 


ADDITIVITY PRINCIPLES AND THEIR APPLICATION TO 
OPTICAL ROTATORY POWER 


Many empirical theories have been developed which relate the properties of matter 
to its molecular constitution Properties which have been successfully dealt with tn this 


way include the molecular volume, the molar energy, the pol 


arizability (and the closely 


related property of molar refraction), the dipole moment, bond lengths, chemical 
ity (in certain classes of compounds), infrared and ultraviolet absorption 


tic susceptibility and, recently, nuclear magnetic resonance spectra. 
heories that are used to predict these properties are invariably based on 
of the principle of additivity: the property in question ts given by an aggre- 


ng characteristic of an atom, or perhaps a group ol 


(In the case of tl lipole moment, vectors rather 
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happen to be found in the sterols; see Klyne*) such an approach is theoretically 


unsound. Consider the asymmetric molecule 


and its mirror image 


R, 


in which R,, R,, R, and R, are simple, optically inactive groups such as —H, 


Cl, 


CH,, —COOH, and—C,H,. Suppose that we write the optical rotation of compound 


1D as the sum of “partial rotations” assigned to each of its groups, proceeding as 


though the optical rotation were a property like the heat of combustion 


[M],» = M M, + M, + M, 


where M, is the contribution of R,, Mg is the contribution of t 


he asymmetric carbon 


atom, and so on. Now let us express the optical rotation of 1L by the same procedure. 


The rotations of 1p and IL are equal in magnitude but opposite in sign, so 


M 


Thus, in some compounds R, will have a positive contribution to the 
others it will have a negative contribution. The decision as to the si 
given to M, cannot, however, be based on any property inherent in | 


tis notc 


assumed to be optically inactive when it stands by itself, so 


replaced by its mirror image. It is clear that the position of each 


other groups in the molecule would have to be known tn order to be al 


to its contribution. This means that groups in an optically active 

be considered to be acting independently in contributing to the opti 

contribution by each group is determined by the pre 

no principle of the additivity of independent conti 

sound basis for a general empirical theory relatins 

The coupled oscillator theories of Kuhn and Kirkwood 


of Eyring and Condon suggest a better procedure for constrt 


of optical rotation. All of these theories assume that in a molecuk 


interactions between the groups, R,, R., Rs and R, affect the motior 


in the groups undergo when the molecule ts exposed to light. 


arises, according to these theories, not from the way in which the 

the isolated groups, but from the way in which these motions are n 

the presence of other groups in their vicinity. ie different theorie 

the detailed descriptions of these so-called “vicinal interactions’, but this need 


concern us. The important point is that all of these theories postulate that the rot 


*W. Kivyne, Determination of Ore truct Method 
F. C. Nachod) p. 108 ff. Academic Press New York (1955) 
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comes, not from the sum of contributions by isolated groups, but from the sum of inter- 
action effects between groups.* 
rical theory ol opt i] rotanon might be based on the 


we may assume 


mportant interactions are t! that ; t\ n pairs of groups, so that we 


e for the ‘ mpound 


ule 


‘ hk } } 
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we shall obtain a closer approximation to the optical rotation of compound 1p than 
would be given by expression (1). In this approximation the “pairwise interaction 
terms”, m,., etc. are defined in exactly the same way as they are in expression (1) 
(i.e., M,, is still the rotation that would arise if only groups R, and R, were present). 


The “three-way interaction term” m,,, is the correction that would have to be added 


tO Myo m,, in order to obtain the optical rotation that would actually be 


observed if the three groups, R,, R, and R,, and these three groups alone, were present. 
The rest of the three-way interactions terms s; Myg,,, etc., have similar meanings. 

We could, if necessary, go one st¢ urther and set up “four-way interactions 
terms’, such aS Mm, h youl let he correction that must be added to 


t rotation 


Wwo-way We 


and under what co ditions one can 
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necessary [or a rigorous test ol most of are not now at hand but when 
they becom ailable th will obviously have an important bearing on the basic 
question he ad . ise interaction principle a basic assumption 
common Cul heories of optical rotation. 

It should be pointed out thi ract “interactions” of which we speak here 
may be rather hey will, of course, include the direct vicinal actions that are 


computed by tl tation. They may also include other kinds of inter- 


actions which influence the optical rotation less directly For instance, the solvation of 
a group may be influenced by other near-by groups. (The hydration of a carbonyl 
group in an aqueous solution of a ketone may be changed if a hydroxyl group is 


attached to a carbon atom close to the carbonyl.) The vicinal actions between a 
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given pair of groups (call them A and B) will certainly be affected by the manner in 
which the two groups are solvated. Suppose that a group C changes the solvation of A 
or B when it is placed next to one of them. Then the group C may have a significant 
indirect effect on the contribution of the A—B interaction to the optical rotation, even 

of A. B and C are small. In general, there- 


of pairwise interactions in inert 


rable if optical rotations could be 
ult to do. 

e significantly changed if a third 

resonate wit! -m ber of the pair. Steric interactions 

responsible for an apparent failure of the principle of 

pairwise interactions 1 ympound such as 3-ethylcyclopentanone the 

contribution of the interaction between the ethyl group and the carbonyl group 

will depend on the spatial position of the ethyl group, especially with respect to 

rotation of the group about the bond that joins it to the ring Substitution of a bulky 

group, such as a phenyl, at position 4 in the ring in a cis relationship to the ethyl group 

would undoubtedly have an influence on the spatial position of the ethyl group. Thus 

the phenyl group may have a large effect on the contribution to the optical rotation 

arising from the ethyl-carbonyl interaction, even though the optical interactions of the 
phenyl group with these two groups happened to be small 

It should be stressed that all of the considerations to be discussed in this paper will 

apply to optical rotations measured at any wavelength If we happen to restrict our 

discussion to measurements made at only one wavelength, this is no sense an inherent 


limitation of the approach that we are taking. 


Il. SOME EXPERIMENTAL TESTS OF THE PRINCIPLE OI 
PAIRWISE INTERACTION 


A. Molecules in which the groups attached to the asymmetric carbon atom have axial 
symmetry. Consider the optical rotation of «-bromo-propionitrile, CH,—CHBr—CN, 
principle of pairwise interactions. According to this principle the 


nolecular rotation should be given by 


HCN + Myce + Marcx 


is the contribution to the optical rotation arising from the interaction of 

h the bromine, m,. is the contribution of the interaction 

carbon atom and the nitrile group, and so on. It is easy to 

wise interactions are identically equal to zero. For instance, 

| rotation of the molecular fragment containing only the 

s fragment is superimposable on its 

mirror image, so it can give rise to! tical rotation. Similarly, all of the other frag- 
ments shown in Fig. | are superimy le on their mirror images and can have no 
optical rotation. Therefore the rather large optical rotation that is observed for this 


substance ([M],, = 21° for the pure liquid, Berry and Sturtevant’) must arise entirely 
i 


from three-way and higher interactions 


7 K. L. Berry and J. M. Sturtevant 


[M] =m m m m 
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In general the contribution of pairwise interactions to the optical rotation must 
vanish for any molecule in which all of the groups attached to the asymmetric carbon 
atom have axial symmetry about the bond joining them to the asymmetric carbon atom 


(Kauzmann and Eyring,*). Two other compounds are known having axially sym- 
metric groups of this kind: CH;—CH(NH,*)—CN, with [M],, = 13° in water, (Dele- 
pine*) and CI—CHI—SO,-, with [M], = 36° in water (Read and McMath"). The 


relatively large rotations of these two substances must also come entirely from three- 


wavy and higher interactions. 
These examples show that the higher order interactions can lead to optical rotations 


of sodium D light as large as 20° o1 30° or more. It must be realized, however, that in 
the three examples cited especially large interactions would be expecte 
groups attached to the asymmetric carbon atom. At least two 
strongly polar in each of the three examples, so they must h 
ing groups are all very close t 


ive reiatly 


on each other. Furthermore, the interact 
measurements were all made in strongly polar solvents, so the indirect effect 
on each other’s solvation may well be pronounced [hese rotations must 

taken as an indication of the upper limit to the magnitudes of three way interactic 


} sall — 
be smaller in molecules in which 


contributions of higher order interactions should 
the groups attached to the asymmetric carbon atom are less polar and in compounds in 


which the polar groups are not so close together; they may also be smaller if the rota- 


tions are measured in less polar solvents. 
® W. Kauzmann and H. Eyring, J. Chen hys. 9, 41 (1941) 


* M. Delepine, Bull. Soc. Chim. Fr. (3) 29, 
1° J. Read and A. M. McMath, J. Chem 
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B. Molecules in which rotation is possible about the bonds attached to the asymmetric 
carbon atom, Consider next the optical rotation of secondary butyl bromide, C,H, 
CHBr—CHy,. Taking into account the threefold energy barrier that restricts rotation 
about the carbon-carbon bond joining the ethyl group to the asymmetric carbon atom, 
this molecule should exist predominantly in the three conformations, A, B and C., 
shown in Fig. 2. Now let us remove, in our minds, the methyl group and the secondary 
hydrogen atom from the asymmetric carbon atom, leaving the fragment C,H,—C—Br. 
It will be seen that in forms A and C the conformations assumed by this fragment are 


mirror images of one another. This means that the contribution to the optical rotation 
Q 
vers 


arising up and the bromine atom must be 
equal and oppos! n sign i m and thermore, in form B this same frag- 
ment he contribution of the interaction 


between the ethyl group and the mine atom must vanish. The same reasoning will 
show that the contributior ym the pairwise in iction between the ethyl and methyl 
groups attached to t asymmet irbon will vanish in form C and will be equal and 
opposite in sign 1 rms and al hat the « bution of the interaction of the 
he metric carbon atom will vanish in 

> equal and oppo n sign in B and Ihe contributions of all of the pair- 
actions between the secondary hydrogen atom and the methyl group and the 

> atom vanish in each of the three forms, since the fragments formed from any 


two of these groups are all superimposable on their mirror images. 


It is evident that ! lary butyl bromide existed in equal amounts in the three 
forms A, B and C, all of the pairwise interactions between its groups would vanish, and 
the entire rotation would have to arise from higher order interactions. Since higher 


order interactions generally give smaller optical rotations than pairwise interactions, 


any forces which cause the three forms to exist in unequal amounts will tend to make 


the optical rotation larger. 
The groups attached to the asymmetric carbon atoms of an optically active mole- 


cule will normally be expected to occur in several equilibrium positions which are 
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symmetrically disposed about the single bond joining the groups to the asymmetric 
atoms. The arguments presented above are quite general and lead us to expect that 
whenever some factor is present which causes these groups to spend unequal amounts 
of time in the different equilibrium positions, the optical rotation will usually become 
larger. We may note by allowing the ethyl group in secondary buty! bromide to 
occupy its three equilibrium positions to equal extents we have, in effect, given this 
group an axis of symmetry about the bond that joins it to the asymmetric carbon atom. 
In a similar fashion it is possible to confer an effective axial symmetry on a propyl or a 
butyl group (or, indeed, on any group not containing an asymmetric carbon atom that 
is a member of a ring) by equalizing the populations present in the equilibrium posi- 
tions about each single bond in the group—including, of course, the single bond 
between the group and the asymmetric carbon atom. Therefore, this rule is really a 
corollary of the rule formulated in Section A, above. 

The experimental evidence which supports this rule has been presented elsewhere, 
(Kauzmann and Eyring*; Kauzmann, ef a/,"') and need not detain us. We shall 
however, find it instructive to examine the rotations of some compounds in which the 
groups attached to asymmetric carbon atoms may be expected to attain effective axial 
symmetry. This will permit us to make some additional estimates of the order of 
magnitude of the contributions of three-way interactions to the optical rotation in some 
typical optically active molecules. 

(1) Evidence from the comparison of the rotations of open chain and ring « ompounds, 
The most effective way in which to prevent equalization of the populations in the three 
positions of equilibrium about the single bonds that are in the vicinity of asymmetric 
carbon atoms is to make the asymmetric carbon a member of a ring. Organic chemists 
have known for a long time that ring closure usually brings about a marked increase in 
the magnitude of the optical rotation, and numerous examples may be cited (Kauz- 
mann and Eyring*). Perhaps the most striking examples are to be found in the com- 
parison of the optical rotations of the open chain sugar alcohols with the optical 
rotations of the cyclitols. Table 1A gives the optical rotations of sugar alcohols of the 
general formula H(CHOH),H and Table 1B gives the rotations of some hydroxylated 
cyclohexanes. It is seen that the formation of a ring in these chemically quite similar 
compounds tends to increase the magnitude of the optical rotation by a factor of some- 
thing like ten. 

lhese two tables force us to the somewhat surprising conclusion that there must be 
almost complete equalization of the populations in the three equilibrium positions 
about all of the carbon-carbon bonds in the sugar alcohols of the formula H(CHOH), H. 
lable 1B also demonstrates that for the kinds of groups present in these molecules 
pairwise interactions must be capable of giving optical rotations for sodium D light that 
may be of the order of 50° to 100°. Finally, Table 1A indicates that the higher order 
interactions in these compounds must result in optical rotations of less than about 5 


(We cannot say how much less than 5° they are because we do not know how much of 


of the rotation that is observed for the sugar alcohols is caused by uncompensated 


pairwise interactions from slight deviations from complete equalization of the popu- 
lations in the three equilibrium positions about the single bonds. Hydration effects 


are also undoubtedly large in these compounds because all of the rotations were 


1! W. Kauzmann, J. Walter and H. Eyring, Chem. Rev. 26, 339 (1940) 
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measured in aqueous solution. These would tend to make the higher order interac- 


tions larger than otherwise.) 
The conclusion that all conformations of the sugar alcohols are equally likely may 
come as something of a shock to organic chemists who are concerned with conforma- 


tional analvsis. If one constructs models of these alcohols, and if one follows the 


usual dictates of conformational analysis in rejecting conformations which tend to 


bring groups into close proximity, many of the conformations of the open chain sugars 


Tasace |. OPTICAL ROTATIONS OF HYDROXYLATED COMPOUNDS 


Configurations [M]p in 


Substance Formula 


of hydroxyls* water? 


\. Fully hydroxylated open chain compounds 


p-threitol HOCH,(CHOH),CH,OH DI 5-25 
p-arabitol HOCH,(CHOH),CH,OH DDI 0 

p-talitol HOCH,(CHOH),CH,OH DLLI 5-8 
D-mannitol HOCH.(CHOH),CH,OH DDLI 3-8 
p-sorbitol HOCH,(CHOH),CH,OH DDLD 3-5 
D-iditol HOCH,(CHOH),CH,OH DLDI 6:4 
p-glycero-L-glucoheptitol HOCH,.(CHOH),CH,OH DLLDI 

p-glycero-p-glucoheptitol HOCH,(CHOH),CH,OH DDDLD 1-6 
p-glivcero-p-idoheptitol HOCH ACHOH),.CH,OH DDLDI 1-5 
p-glycero-p-mannoheptitol HOCH,(CHOH),CH,OH DDDLI 4-2 


p-glycero-b-altroheptitol HOCH DDDDI 0-6 
p-ervthro-L-talooctitol HOCH(CHOH),CH,OH DDLDDD 19 
p-erythro-L-galaoctitol HOCH DDLDDI 5-8 
p-threo-L-galactooctitol HOCH,(CHOH),CH,OH DLLDDI 0-0 
xxx-D-gluconitol HOCH ACHOH).CH,OH DDLDDL(L ?) 4-1 


HOCH DDLDDL(L 3-6 


B. Hydroxylated cyclohexane derivatives (cyclitols) 


Viboquercitol C.HAOH) 1,2,.4/3,5 0 
Protoquercitol C.HAOH) 1.4/2,3,5 4? 
Epiquercitol C,HAOH) 1323.54 9 

( (OH), 1,2,5 117 


compounds, thie vritte tart 4 {the ve 


¢ cardo MS a ib they lic On the ent ind side ol 


OXVIS 


fla ed o ire lto6mo g clockwise around 
the l ‘ ‘ j t le above ) ec of the paper appear before the slash (/) and those that 


lie 


would have to be rejected. Yet the small rotations of these compounds clearly indi- 


cate that all of the conformations must be nearly equal in energy. On the other hand 


Sheppard and Szasz'* and Scott, McCullough e7 al*® have shown that there is a 
difference of less than 100 cals between the three rotational trans and gauche con- 


formers of 2.3-dimethy! butane (that is, the conformers that result from rotation about 


* W. W. Pigman, The Carbohydrates: Chemistry, Biochemistry, Physiology Academic Press, New York 


(1957) 
S. J. Angyal and L. Anderson, Adranc. Carbohyd. Chem. 14, 191 (1959) 
‘* N. Sheppard and G. J. Szasz, J. Chem. Phys. 18, 145 (1950) 


1 D. W. Scott, J. P. McCullough, K. D. Williamson and G. Waddington, J. Amer. Chem. Soc. 73, 1707 


(1951) 
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the single bond joining carbon atoms 2 and 3). The three conformers of 2,3-dimethyl 
butane are therefore present in very nearly equal amounts at ordinary temperatures. 
Since the steric interactions of two methyl groups on adjacent carbon atoms may not 
be greatly different from the steric interactions of a pair of hydroxyl groups, and since 
nearly all of the carbon-carbon bonds of the sugar alcohols are disubstituted at either 


end with carbon and oxygen atoms (and thus resemble the 2,3 bond in 2,3-dimethyl 
butane) equal energies for the three positions about each bond in the sugar alcohols 
might not be too unreasonable. It is interesting in this connection to notice that the 


TABLE 2, OPTICAL ROTATIONS OF PARTIALLY HYDROXYLATED OPEN CHAIN COMPOUNDS 


Configurations [M] 
Substance Formula 
of hydroxyls 


1,6-di-deoxy D-mannitol CH,(CHOH),CH DDLI 
p-lyxohexanetetrol-1,2,3,4 CH,CH,(CHOH),CH,OH DLI 
2-deoxy b-sorbitol HOCH,CH,(CHOH),CH,OH DLI 
1-deoxy L-sorbitol CH,(CHOH),CH,OH DLDD 
p-rhamnito CH,(CHOH),CH,OH DDLI 
2-deoxy b-allit HOCH,(CHOH),CH,CH,OH DDD 


L-idomethylitol CH,(CHOH),CH,OH 
CH.(CHOH),CH,OH 
CH,(CHOH),CH,OH 

CH,(CHOH),CH.OH 


*WNo 
Da m B 


optical rotations of alcohols in which some of the CHOH groups of the sugar alcohols 


are replaced by CH, groups often tend to be several tu as large as those of the sugar 
} 1 5 th het n the 
alcohols themselves able In ne udDsian a greatel proporuol the 


carbon-carbon bonds are not disubstituted at 


for 


(2) Evidence fron 1 of tempera } Optical rota 


chain compounds. One of the most effective means ol equal 


izing the populations in 


equilibrium positions about carbon-carbon single bonds is to raise the temperature. 
Unfortunately the effect of temperature on the optical rotation has not been as widely 
studied as one could wish for this purpose, but we do have the extensive data of 
Pickard, Kenyon and their co-workers, who made systematic investigations of tempera- 
ture effects on many aliphatic and aromatic carbinols, their esters and their ethers over 
a wide range of temperatures (20°C to 150°C or more in many instances). All of these 
studies were performed on the homogeneous compounds, so that “solvent effects’ 
(here, the effects of the optically active molecules on each other) are a variable factor 
impossible to separate from intramolecular conformational effects. Nevertheless the 
studies throw an interesting light on the question of the relative magnitudes of pairwise 
interactions and higher order interactions, and they also lead to interesting conclusions 
about the conformations of alkyl chains in simple molecules at room temperature 
Before considering the measurements of Pickard and Kenyon, it is necessary to 
discuss a correction caused by the variation of the internal field with the temperature, 


because it produces an indirect effect on the optical rotation that 1s of no interest here. 


16H. Vogel and A. Georg, Tabellen der Zucker und ihrer Derivate. Springer, Berlin (1931) 
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All theories of optical rotation show that a general solvent effect exists due to this 
internal field. If the internal field can be given by the equation derived by Lorentz 
(and this is generally believed to be a reasonable assumption, especially under the 
present circumstances) then it is found that the optical rotation of a substance dissolved 


in a solvent of refractive index 7 1s 


= —— [M] 


where [MJ is the optical rotation that the substance would have if its molecules were 
maintained in the same conformations that they have in the solvent, but if they were 
surrounded by a vacuum (i.c. if the solvent had an index of refraction of unity). Since 
the refractive index changes with the temperature, the rotation, [M], may therefore 
depend on the temperature even though the molecular conformations do not change 


with temperature (This factor has been discussed by Beckmann and Cohen!’-", 
0 


Rule and Chambers.’* Kauzmann. er a/."' and Schellman.**) In order to avoid this 


extraneous effect, it is better to consider the temperature variation of the quantity 


rather than of [M]. Unfortunately measurements of the index of refraction are not 
commonly available over a range of temperatures, but if the Lorentz-Lorenz relation ts 


valid, 


where d is the density and K is a constant for any substance or solution, then it ts found 
that 


so that 


[M] IM\(1 Kd) 


Thus if one knows the index of refraction at one temperature, and if the densities are 


known as a function o temperature, it is an easy matter to find A, and from this the 


temperature depend he Lorentz field factor. 3/(n* 2). The correction ts often 


not very great. but it is safer to make it. and in most of what follows it has been made. 
The constant K is usually around 0-3 cm*/gm and between 20° and 150°C the density of 


the carbinols and th vatives change, typical from 0-83 to 0-71. Therefore the 
Lorentz factor cha rom about 0-751 at 2 to 0-787 at 150 —a total variation of 
about 5 per cent. In many instances t 
of the optical rotation in this } ; * range 

The variation of [M with temperature for a number of simple aliphatic carbinols 
is shown in Fig. 3. In most instances, but not all, the magnitude of [M],, decreases with 
temperature, in accordance with what we should expect if raising the temperature has 
Cohe wom. Pi 4, 784 (1 
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the dual effect of increasing the effective axial symmetry of groups about the bonds that 
attach them to the asymmetric carbon atom and of decreasing the interactions with the 
solvent. Where [M],,” increases with temperature, the increase is slight. In most 
instances the value of [M],, reached at the highest temperatures is under 10°. The 
principal exception is isopropyl n-decyl carbinol, for which [M],, changes from 25-6 
at O'C to 25-3° at 200°C; in this molecule the steric repulsions between the groups 
attached to the asymmetric carbon atom are greater than in the other compounds shown 
in Fig. 3. 
30; 
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op rotations of secondary carbinols (R,R,CHOH) 


Several interpretations of these results are possible: 
(1) It is possible that in all of these molecules the steric repulsions are so great that 
even in the temperature range from 0° to 150°C the groups attached to the asymmetric 
carbon atom are very far from axially symmetric. In this case the observed rotations 
would be caused principally by pairwise interactions and the higher order contri- 
butions to [M would be well under 10 This interpretation seems unlikely because, 
as we have seen earlier (Section Al), pairwise interactions between groups that are, in 
an optical sense, not very dissimilar from the alkyl and hydroxyl groups present in these 
2! R. H. Pickard and J. Kenyon Chem. Soc. 99, 45 (i911) 
* R. H. Pickard and J. Kenyor Chem. Soc. 101, 620 (1912) 
R. H. Pickard and J. Ker Chem. Soc. 103, 1923 (1913) 


** T. S. Patterson and A. R } J. Chem. Soc. 2887 (1929) 
H. J. Bernstein and E. Pedersen, J. Chem. Phys. 17, 885 (1949) 
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compounds often result in optical rotations that are considerably greater than 10°. 
Therefore, if the alkyl carbinols were highly restricted in their internal rotations we 
should expect to find much larger rotations than we do. We have also seen that in the 
sugar alcohols, where one would expect the steric repulsions to be at least as great, 
almost complete axial symmetry probably exists about all of the bonds. 

(2) On the other hand it is possible that the steric repulsions in these compounds 


are sufficiently small that (especially in molecules such as methyl ethyl carbinol, where 


the groups are small) the groups behave almost as if they were axially symmetric 


between 20° and 150°C. In this case the higher order contributions to [MJ], must 
once again be judged to have an upper limit of about 10°. Temperature-independent 
values of [M],,° of 10° or more are observed for methyl butyl carbinol, methyl octyl 
carbinol, the ethyl alkyl carbinols and isopropyl n-decyl carbinol. All of these com- 
pounds have one or more relatively large groups attached to the asymmetric carbon 
atom. If these groups were to cause a small residual deviation from complete axial 
symmetry that cannot be removed in this temperature range, then we could conclude that 
the higher order contributions in compounds of this type must be well under 10°. 
Unfortunately the [M],,° values for the smaller carbinols (methyl ethyl carbinol and 
methyl tertiary butyl carbinol) are available over narrower temperature ranges, 
because of their lower boiling points, so It 1s not possible to estimate the limiting value 
of [M],, at high temperatures for them 

Methyl tertiary buty! carbinol is especially interesting because only one of the four 
groups attached to the asymmetric carbon atom—the hydroxyl group—is not axially 
symmetric. For this substance [M},, shows a greater change with temperature than 
do most other carbinols. This change may be caused by changes in solvent effects 
(especially the rupture of intermolecular hydrogen bonds) as well as by changes in 
molecular conformation (i.e., changes in the orientation of the hydroxyl group about 
the carbon-oxygen bond). Measurements of the temperature variation of [MJ], at 


infinite dilution in an inert solvent would make it possible to separate these two effects. 


Measurements of this kind have been made by Bernstein and Pedersen** on methyl 
ethyl carbinol dissolved in cyclohexane, and their results are included in Fig. 3. They 
indicate that the change {M],,° of the homogeneous carbinol observed by Pickard 
and Kenyon probably arise largely from changes in conformation with temperature, 
rather than from changes in hydrogen bonding 

rhe temperature dependence of the optical rotation of mannitol in water and gly- 
cerol has been studied by Patterson and Todd** between 15°C and 90°C, and their 
observations (corrected for the variation in the Lorenz factor) are included in Fig. 3. 
(Patterson and Todd’s observations were made at wavelengths of 579, 546-1 and 435-9 
mu: the rotations for the sodium D line have been estimated by extrapolation of their 
results, assuming simple Drude-type dispersion). The rotations of mannitol in the 
two solvents at room temperature are opposite in sign, but on warming the rotations in 
both solvents move in the levo direction. These results indicate that at high temperatures, 
where pairwise interactions should vanish, [M],, would be more levo than |, so we 
may take this as a lower limit for the contributions of the higher order interactions in 

* Bernstein and Pederson have analysed their results assuming that [M]° for methyl ethyl carbinol 
dissolved in cyclohexane arises entirely from pairwise interactions, and that the contributions of higher order 
interactions to the optical rotation are so small that they can be neglected. This assumption is highly 


dubious, so it is not possible to accept their conclusion that the energy of the trans conformations of methyl 
ethyl carbinol is lower by 800 cals than the energy of the gauche conformation. 
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this substance. It would be interesting to have similar measurements of the tempera- 
ture variation of the optical rotations of other sugar alcohols. 
The temperature variation of the optical rotations of other types of compounds are 
shown in Figs. 4-10. The following conclusions may be drawn from these figures. 
(1) Conversion of the carbinols to methyl ethers does not appear to affect greatly 
the magnitude of [M],° or its temperature variation (Fig. 4). Ethyl and n-nonyl ethers 
of methyl n-butyl carbinol have larger values of [M],° and the temperature variation 


ether of d-§-octonol 


bromide 


ethyl ether of d-g-octanol 
f 


ether of d-f-octanol 


ether of d-¥-nonanol 


ethyl ether of d-¥—nonanol 


€~methy! ether of d-¥-nonanol 


o* 40° 80° 120° 160°C 


Fic. 4. Temperature dependence of the optical rotations of ethers of secondary carbinols 
and of 8-octyl bromide. Data from Kenyon and McNicol*® (ethers of d-f-octanol), Kenyon 
and Barnes®’ (ethers of d-v-nonanol) and Pickard and Kenyon*! (f-octyl bromide). Where 
rotations in the original reference have not been given for the sodium D line, the value has been 


interpolated from measurements at adjacent wave lengths by means of the Drude formula 


is greater. It appears that in the methyl ethers the effective axial symmetry of the 
groups attached to the asymmetric carbon atom is about as highly developed as it is in 
the corresponding alcohols. /-Octyl bromide has a considerably larger [M], than 
most carbinols, and the temperature variation of [M], is greater. This would indicate 
that the bulky bromine atom decreases the axial symmetry at room temperature to a 
greater extent than does the hydroxyl group. Unfortunately it is not possible to esti- 
mate the upper limit of [M],° at high temperatures for the bromide. 

(2) Esters of the type CH,—CH(O—CO—R,)—Rg, where R, and R, are normal 
aliphatic groups (Figs. 5 and 6), have [M],,° values at high temperatures that are of the 
order of 10° or less. For the formic acid esters (where R, =H with R, larger than C;H,, 


26 J. Kenyon and R. A. McNicol, J. Chem. Soc. 123, 14 (1923). 
27 J. Kenyon and T. W. Barnes, J. Chem. Soc. 125, 1395 (1924). 
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the high temperature values of [M],,” tend to be somewhat greater, and [M],, increases 
The high temperature values of [M], 


very slightly as the temperature increases. 
also tend to be greater when R, is a long chain and R, is a short chain. Pickard and 
solvent effects, and that anamolous 


Kenvon found that the esters show unusually large 
s observed at wavelengths in the visible region of the spectrum. 


dispersion is sometime 
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be expected to give larger contributions than in the other compounds being discussed 
here. 

(3) Introduction of aryl groups into the carbinols and their derivatives increases the 
magnitude of [M],, , especially if the aryl group is close to an asymmetric center (Figs. 
7-10). If the aryl group is attached directly to the asymmetric center (see especially 
methyl «-naphthyl carbinol, methyl phenyl carbinol and ethyl phenyl carbinol in 
Fig. 8, and «-naphthyl n-hexyl carbinol and its esters in Fig. 10) the values of [M], at 
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yl n-decoate~, 


ony 


acetate 


nony propionote~ 


formote 


lependc ptic rotavions pna secondary 


H.-CHOH-R ita fr C enyon al (formate) and 


high temperatures tend to be quite large and the effect of temperature on [M],, is also 
large in most instances. If one or two methylene groups intervene between the aryl 
group and the asymmetric carbon atom, the magnitude of [M],, at high temperatures 
and the variation of [M],,° with temperature tend to be smaller. These observations 
are understandable since the aryl groups are large and rigid and should produce large 
steric effects that both increase the apparent magnitude of the higher order contribu- 
tions to the optical rotation (which makes [M], large at high temperatures) and 
increase the energy difference between the different conformers (which increases the 
temperature dependence of [M],). Furthermore, it is quite likely that the higher 
order optical interactions that involve aryl groups, alkyl groups and hydroxyl groups 
or carboxylate groups are larger than those involving a pair of alkyl groups and a 
hydroxyl or carboxy! 

In summary, we may conclude that in the simple aliphatic carbinols and many of 
their derivatives at room temperature we have nearly complete three-fold axial sym- 
metry about all of the single bonds. Unfortunately it is not possible to say whether the 


relatively small optical rotations that are observed for these compounds (of the order of 


J Kenyon, J Chem. Soc. 105, 2226 (1914) 
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10°) arise almost entirely from higher order interactions, or whether they are caused by 
slight deviations from three-fold axial symmetry which could be eliminated by heating 
to still higher temperatures. In any case, the higher order interactions in these com- 
pounds can contribute no more than 10° to the optical rotation (if the molecules are 
immersed in a medium with refractive index unity), and they may be appreciably 
smaller. It is highly unlikely that they are completely negligible, however. If more 
bulky groups are close to the asymmetric carbon atom, and especially if aromatic 
groups are attached, rotations as large as 50" to 100° may result at high temperatures. 
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These large rotations may represent true higher order interactions, but they may also 
include some effects of non-axial symmetry 

(3) Pairwise interactions and Hudson's rules rules of isorotation. Hudson showed 
that if, in a series of sugars, the configuration about one of the carbon atoms is 
reversed, then the optical rotation is changed in a remarkably regular manner. This is 
illustrated in Tables 3 and 4. Table 3 shows the changes in rotation that occur when 
the configuration of the glycosidic carbon atom (C,) is changed from D- to L- in a 
number of free sugars and their derivatives. The sugars in this table have been divided 
into two classes, depending upon the configuration at carbon atom C,, which ts next to 
the glycosidic carbon atom. In one of the classes (referred to a the “glucose class” 


because D-glucose is its best known member) C, is in the D configuration, and in the 


** J. Kenyon and R. H. Pickard, J. Chem. Soc. 107, 115 (1915) 
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n-hexy! o-naphthy! corbinol 4 


a&-naphthyl corbinol 
—ethyl pheny! 
corbinol 
C—methy! pheny! 
carbinol 


me benzy! 


y! 


methyl phenylethy 


mannose ciass )tnecon 


have the following structures 


Cy 
x 


glucose class mannose Class 
where X stands for the group CH,OH and « and f show the positions of the glycosidic 
hydroxyl in the « and f forms of the sugar. In the pentoses (xylose, arabinose, lyxose, 


*% J. Kenyon and R. H. Pickard, J. Chem. Soc. 105, 2644 (1914). 
* R. H. Pickard and J. Kenyon, J. Chem. So 105, 1115 (1914). 
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ribose), X = H and the « derivative is generally taken as the one in which the con- 


figurations at C, and C, are identical (Bates,*). In the heptopyranoses, X = CH,OH- 


CHOH. In Table 3 these two classes have been further subdivided on the basis of the 


configurations about the other atoms in the pyranose ring 
belonging to the glucose class, a change in con- 


Table 3 shows that for free sugars 
figuration at C, from D to L causes a change in optical rotation of about 175° in most 


methyl! ether) acetote 


4 


instances. In the free sugars of the mannose class the same change in configuration 


lifference wht s usually considerably smaller. ranging fr 


results in a rotation « ym 75 
to 100° in most instance tation changes in free sugars of the mannose class are 
also somewhat more variable in mas ian are those of the glucose class. Similar 
regularities are observed for the rotation differences of each of the other types of 


Table 3, although there is somewhat more variation here than for 


derivatives listed in 


the free sugars 
In general it 1s found that for a given type of derivative the change in rotation 


resulting from the inversion of the configuration at C, is fairly constant in each class of 


1072 


* H. Phillips, J. Chem. S 123, 29 (1923) 
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sugar. It is larger and more nearly constant for the glucose class than for the mannose 
class. The exceptions to this generalization frequently involve the pentose sugars, but 
exceptions are also found when different solvents were used to measure the rotation 
of the anomers in an «-/ pair, and when one of the members of the pair could not be 
crystallized (indicating that it might not have been pure). 

Table 4 shows that similar regularities are also found when the configurations about 


other carbon atoms in the sugar molecule are inverted. The differences in rotation 
between two substances which differ only in the configuration about one atom are 
again found to fall into distinct groups, depending (1) on which atom in the molecule 
is inverted. and (2) on the configurations of the two atoms adjacent to the atom on 
which the inversion occurs. Table 4A (which is based on a table in Bates**) shows this 
mostclearly; here we see the changes in rotation that accompany inversions from L to D 
at atoms C,, C, and C, of the free sugars. Ifa triad LLD at Cy ,CnCy is changed to 
LDD, the rotation change is about ++ 150° if the atom in the middle of the triad is C, and 

157 if the middle atom is C,. If the triad is changed from DLL to DDL, the approxi- 


mate change in rotation is — 60° if the middle atom is C,, +-80 if itis C,, and —60° if it 


% F. J. Bates, Polarimetry, Saccharimetry and t Sugars. National Bureau of Standards Circular C440, 
Washington (1942) 
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TABLE 4. ROTATION DIFFERENCES RESULTING FROM CHANGES IN CONFIGURATION ABOUT NON-GLYCOSIDKC 


AND THEIR DERIVATIVES 


CARBON ATOMS IN PYRANOSE SUGARS 
Config. of OH at 


adjacent atoms 


Diff. in 


rotation 


Sugar with OH at Cy in Sug ir with OH at € 
conhg 
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D conhg 
: (D 
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Taste 4 (cont'd) 
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is C,. If the triad C,C,C, is changed from LLL to LDL then the rotation change is about 
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Table 4B shows that analogous regularities exist among various types of sugar 


derivatives, although once again considerably more variation is observed with the 


derivatives than with the f 


ree sugar©s. 


rhe regularities which Hudson discov ered were at first regarded as examples of the 


van't Hoff superposition principle. 


It was thought that each asymmetric center in the 


molecule could be assigned a “partial rotation”, and that when the configuration ofa 
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center was inverted the sign of the partial rotation belonging to that center merely had 
to be reversed. The partial rotation of a center was assumed to be independent of the 
configurations about the other asymmetric centers in the molecule. It is now known 
that this cannot be the case, and indeed, the data reported in Tables 3 and 4 are totally 
inconsistent with such an assumption. Nevertheless, Tables 3 and 4 do demonstrate 
that numbers can be assigned to each center. These numbers depend on the configura- 
tions about adjacent carbon atoms, but they do not depend very much on the con- 
figurations about the remaining centers in the molecule. Therefore we may conclude 
from Hudson’s rules that some form of the principle of pairwise interactions must 
operate in the carbohydrates and their derivatives. The contributions to the optical 
rotation arising from the interactions between groups located on a pair of adjacent 
carbon atoms often do not seem to be strongly influenced by the configurations of the 
groups elsewhere in the molecule. 

(4) Pairwise interactions and current empirical rules of optical rotation. Whiffen’, 
and more recently Brewster®, have proposed interesting empirical rules by means of 
which they have been able to account for the signs, and in many instances even the 
magnitudes of the optical rotations of a large number of optically active compounds. 
Both workers have made extensive use of assumptions which are equivalent to the 
principle of pairwise interactions. Whiffen’s approach is based upon the idea that 
bonds located on adjacent atoms, but arranged relative to one another in a skewed 
sense, will make a contribution to the optical rotation which depends on the nature of 
the bonds and the angle between the bonds. The optical rotation of a molecule is 
merely the sum of these contributions. When a given arrangement of a pair of bonds is 
replaced by its mirror image, the contribution of this pair is reversed in sign but not 
altered in magnitude. Brewster distinguishes between “atomic asymmetry”, “con- 


formational asymmetry”, and “permolecular asymmetry”; the contributions of 


“conformational asymmetry” to the optical rotation of a molecule are dealt with in a 


manner very similar to that used by Whiffen, except that more explicit rules are given 
for computing the magnitudes of the contributions by given pairs of groups. 

Both Whiffen and Brewster have included in their treatments only interactions 
between groups located on adjacent carbon atoms, arguing that the interactions giving 
rise to optical rotation decrease rapidly with distance between the interacting groups. 
It is, however, well known that in certain molecular conformations groups attached to 
non-adjacent carbon atoms may come very close to each other. For instance, two 
axial groups at positions | and 3 of a chair form of a cyclohexane ring are somewhat 
closer to one another than are the hydroxyls at positions | and 2 in any chair con- 
formation. Chair conformations which result in more than one axial group on the 
same side of the ring are said to be unstable, but there may be instances in which they 
must occur. On the other hand, as we shall find by means of elementary symmetry 
arguments, pairwise interactions between symmetrical axial groups (such as chloride, 
methyl or freely rotating hydroxyl groups) on a chair form of a cyclohexane ring can- 
not contribute to the optical rotation, so in this particular instance the interactions 
between groups on non-adjacent atoms may be small. Yet it is always possible that, 
for instance, a pair of axial hydroxyls at C, and C, of a cyclohexane ring will not be able 
to take on an effective three-fold symmetry about the C—O bond, and that their inter- 
action might therefore make a considerable contribution to the optical rotation. 
Furthermore, it is quite unlikely that the interactions between, say, an equatorial 
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group at C, and an axial group at C, of a cyclohexane ring will give a completely negli- 
gible contribution to the optical rotation rherefore the neglect of interactions between 
non-adjacent atoms must be made with some caution, and a theory will be more accur- 
ate if these interactions are included. We shall see that it is frequently not difficult to 
do this and thus arrive at a somewhat more reliable set of predictions for the optical 
rotations of certain types of compounds than would be possible using the theories of 
Brewster and Whiffen 

Other empirical rules have been proposed which are equivalent to the assumption 


ly 


that optical rotation arises exciusively from four-way interactions between the groups 


attached to an asymmetric atom. This is true of the rules proposed by Crum-Brown and 
Guve (see Partington") and by Marker.* It is also the case for the “atomic asymmetry” 
contribution discussed by Brewster.° Such rules would be most likely to be valid under 


conditions in which pairwise interactions vanish—that is, at high temperatures in 


compounds containing asymmetric carbon atoms which are not located in rings, and in 
compounds in which the groups attached to the asy etric atoms are not bulky and 
do not interact strongly with one another by means of hydrogen bonds or other secon- 


dary forces. The theoretical approaches of Oseen Born.’ de Malleman®*' and Boys” 


would also seem to be most appropriate unde these conditions. Brewster has, indeed 
ho that i n of wh v fulfll th hove ndition | 
snown thatin a group of simple WHIC tulil the above conditions (he 
sign of the rotation may be predicted successfully from the contribution ol the atom 
isvmmetry alone. It should be pointed out, however, that four-way interactions would 

be expected to give smaller contributions to the optical rotation than three-way inter- 
actions. It would therefore seem more reasonable to start with the concept of three 
way interactions in setting up an empirical theory ol optic il rotation that is to be 


lit. SOME SIMPLE QUANTITATIVE RELATIONSHIPS BASED ON 
THE PRINCIPLE OF PAIRWISE INTERACTIONS 


In this section we shall show that if the principle of pairwise interactions is valid, 
interesting relationships should exist between the optical rotations in certain groups ol 
compounds. Many of the compounds that will be discussed have not been synthesized 

in : he cvnthesized in the near future. Thev are considered NVeNnie 
an iv not De syntinesized il Neal 1LUT< ev are considered as convenicni 
‘xampl to trat how ti mav he mnioved to rrelate the ont: 
rotations of cont rationally related compounds. I[t will be evident that the principle 
may be useful in determining the abdsolute connigurations ind conformations of mole- 

cuics, once we underst ind the limitations on its validity Ihe example should make 


the application of the principle clear en yuugh to enable the organic chemist to find 


other, and perhaps more interesting applications Indeed, as has been mentioned 


Whiffen and Brewster have already made extensive use of the principle in a restricted 
form. Our aim ts to show that these restrictions are not necessary in many instances 


It should be emphasized, too, that the establishment of the limits of the validity of 


the principle ol pairwise interactions 1S Of paramount importance to the theoretical 


* J. R. Partington, An Adva Treatise Pi Chem Vol. 4, p. 341. Longmans, Green, Londor 
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understanding of optical rotatory power. We need to know more about the effects of 
solvents on pairwise interactions, the extent to which solvent molecules participate in 
pairwise interactions, the influence of steric effects on pairwise interactions, and the 
relative magnitudes of pairwise and higher order interactions. At the moment this prob- 
lem is at least as significant as the possibility that the principle may provide a useful 
tool for the study of molecular configurations and conformations in optically active 
substances. If progress is to be made with this aspect of the problem we cannot afford 
to be satisfied with the more limited assumptions of Whiffen and Brewster 


The application of the principle is illustrated in a particular iple fashion by the 


three possible optically active methyl cyclopropane derivatives, | .2-dimeth 


cyclopropane 1.1.2-trimethy cyciopropan .-ltetramethyl cyciopro- 


| he vol 
‘ tr yclopropane 


pane (see Fig. 11). It will be assumec c 


the hydrogen atoms and methyl groups are symmetric: 


the plane of the ring 


Six types of pairwise interactions will occur between the groups attached to the ring 


(the interactions between the three carbon atoms in the ring could not, of course, give 
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rise to any optical rotation because this triplet of atoms is superimposable on its 
mirror image). These are the interactions that occur between a pair of trans methyl 


groups (making a contribution « to the optical rotation), a frans methyl-hydrogen 


(contribution /), a trans hydrogen-hydrogen (contribution y), a cis methyl-methyl (6), 
a cis methyl-hydrogen («) and a cis hydrogen-hydrogen (¢). Since the axes of the groups 
in the three cis arrangements are coplanar, however, all of the cis pairs of groups are 
superimposable on their mirror images, so their interactions can give no contribution 
to the optical rotation, and 0 = ¢ q 0. When the non-vanishing interactions in 
the three molecules are added together, assuming the absolute configuration shown 
in Fig. 11, the remarkable result is obtained that all three molecules should have the 
same rotation, 2 2 +. The same result will be true if instead of methyl groups 
any other axially symmetric groups are present on the ring. | nfortunately such com- 
pounds appear to be difficult to prepare in optically pure form, so this result is at the 
moment of little more than academic interest as a test of the principle of pairwise 
interactions 

A somewhat similar situation is found for the nine non-enantiomorphic optically 
active polymethylcyclobutanes (Fig. 12). In this case there is evidence that the ring 1s 
not planar (Lemaire and Livingston®*, Dunitz and Schomaker**, Owen and Hoard) 
but it is probably safe to assume that the ring undergoes oscillations which make the 
bonds from the ring in effect symmetrically disposed on e ther side of the average plane 
of the ring. (It is difficult to agree with Brewster's contention that in the puckered 
cyclobutane rings the interferences across the ring would be sufficiently great to elimi- 
nate some of the conformations.) Pairwise interactions between methyl groups or 
hvdrogen atoms attached to carbon atoms that lie across the ring from each other will 
vanish because these atoms and groups are coplanar. Consequently, interactions be- 
tween groups attached to adjacent atoms on the ring are the only ones which can give 
rise to optical rotation. As was the case for the methyl cyclopropanes, only inter- 
actions between groups in the trans relationship to each other need to be considered. 
Three types of interactions are therefore present in these molecules The trans methyl- 
methyl, the trans methyl-hydrogen, and the trans hydrogen-hydrogen. The contribu- 
tions of these interactions to the rotation are again denoted by z, # and y, respectively. 
(The values of these constants will presumably be slightly different in the cyclobutanes 
and in the cyclopropanes because the spatial relationships are not quite the same.) It 
is seen from Fig. 12 that seven of these optically active compounds should have the 
same optical rotation, the eighth should have double the rotation of the rest, and the 
ninth should have zero optical rotation (despite the fact that it is not superimposable on 
its mirror image). Of course, the same relationships should hold among any set of 
derivatives of cyclobutane involving axially symmetric groups 

The thirty-five non-enantiomorphic optically active poly methyl derivatives of cyclo- 
pentane provide us with a slightly more complicated example which may also be dealt 
with by means of the principle of pairwise interactions. The cyclopentane ring ts known 
to be non-planar, but it is also known that the distortions away from planarity are 
highly mobile and that in cyclopentane itself there exists a plane such that, if a time 
exposure Is made of a given molecule, any one atom in the molecule will spend an equal 


53H. P. Lemaire and R. L. Livingston, J. Chem. Phys. 18, 569 (1950) 
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amount of time in equivalent positions on either side of this plane (Kilpatrick et a/.5*). 
The average positions of the bonds joining groups to the ring will therefore be sym- 


metrical with respect to this plane. Thus in cyclopentane the molecule possesses an 
effective plane of symmetry in the plane of the ring. We may assume that this state of 
affairs will remain true in cyclopentane derivatives provided that the groups attached 


Types of 
Interactions 


Intercctions of 
Groups on 


C, and 

C, and C 
C, and C 
C,and 


Total 


to the ring are not too bulky and that they do not approach too closely to one another 
as the ring undergoes its twisting motions from one conformation to another. This 
assumption will be far from true if the cyclopentane ring is fused to other rings, 
especially in a trans conformation. 

Starting with this assumption it is readily shown that the optical rotations of the 35 
non-enantiomorphic optically active methylated derivatives of cyclopentane ought to be 
related to one another as shown in Table 5. We see that all of these rotations should 
be expressible in terms of but two empirical constants (viz., the rotations of trans-1,2- 
dimethyl cyclopentane and frans-1,3-dimethyl cyclopentane). 

The optical rotations of derivatives of cyclohexane are more complicated to discuss 


5¢ J. E. Kilpatrick, K. S. Pitzer and R. Spitzer, J. Amer. Chem. Soc. 69, 2483 (1947). 
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Taste 5. OPTICAL ROTATIONS OF METHYL CYCLOPENTANES 


Compound* IM], Compound* 


ntamethyl 


because the ring ca st in two stable chair conformations ‘ notation of 


Reeves***’ vill be denoted by the symbols IC and Cl 


It will be seen that in conformation C1 the axial groups at C,, C, and C, point down- 


ward and the axial groups at C.. C, a point upward, whereas in conformation 


IC the axial groups at ¢ C.. and C. point upward and those at ¢ C, and C, point 
» i 6 


downward. The axial groups in conformation IC become equatorial groups in Cl and 


rice versa. Since the axia ynds are all parallel, the contr butions to the optical 
rotation YY Palrwisc nteractions between any pai of symmetrical axial groups such as 
a halide or a methyl or a freely orienting hydroxyl, must vanish. Furthermore, equa- 
torial groups at ring atoms | and 3, or 2 and 4, or 3 and 5, o1 4 and 6, or 5 and |, are 
coplanar, so that the contributions by any pair of equatorial groups at these positions 
must also vanish. It is found that, as a consequence of these geometrical simplifica- 
tions, the optical rotations of all polymethyl cyclohexanes should be expressible in 


terms of two empirical constants—-namely the rotation of the conformer of trans-\,2 


dimethyl cyclohexane in which both methyl groups are equatorial, and the rotation of 
either of the two chair conformers of trans-1.3-dimethyl cyclohexane (both conformers 
of the latter turn out to have the same rotation, according to the principles set forth 
here) 

It is interesting to consider these conclusions in the light of the known rotations of 


7 R. E. Reeves, Adranc. Carbohyvd. Chem. 6, 107 (1951) 
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(Mp 
1/2 dimethy! \ 1,2/2,3,4 po 2A +B 
1/3 dimethy! B 1,2,3,4/2 pentamethy! B 
|,2/2 trimethy! \ 1,1,2,3,4 pentamethyl 4 
1.3/3 trimethyl B 1,4/1,2,3 pentamethy! B At 
1,23 trimethy! {+B 1,2,4/1,2,5 hexamethyl B 
14. imethy!l \ B 1,2 examethy! ZA B 
1.3/1.2 tetramethv! B 1.2.3, 1.4.5 hexamethy! \ B 
|,2/2,3 tetramethyl 2A +B 1 ,4/1,2,3,5 hexamethy! B 
1.2/3.4 tetramethy A.B 1,5/1,2,3,4 hexamethyl A 
1 2.4/3 tetramethv! B 1,3,4/1,4,5 hexamethy \ 
1.2,3/4 tetramethy A 1,3,4,5/1,4 hexamethyl 
1,4/1,2 tetramethy \ 1,2,3/1,2,3,4 heptamethy! \ 
1/1,2,4 tetramethyl 1,3,4/1,3,4,5 heptamethy B 
1231.2 et 1,2,5/1,2,3,4 heptamethyl A+B 
1,3,4/1,2 pentamethy 1,3,4/1,2,4,5 heptamethyl 
13] pe ny \ 2B +4 oclamectiny \ 
1 3.5/1.2 pent 1.2.3.4/1.3.4.5 octamethy! B 
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the polyhydroxy cyclohexanes, as summarized in Table 6. If the hydroxyl groups in 
these compounds exist with equal probability in the three equilibrium positions about 
each carbon-oxygen bond, they can be treated as geometrically equivalent to methyl 
groups. The rotations calculated using this assumption for each of the chair forms of 
the known optically active hydroxy cyclohexanes are shown in Table 6. The observed 


rotations for these compounds are shown in the Table, and it is seen that these rota- 


tions are impossible to reconcile with those expected if the two chair forms were in all 
instances present in equal amounts. (For instance, if 1,2,4/3,5,6 hexitol existed as a 
mixture of equal amounts of the two chair forms, it should have no optical rotation due 
to pairwise interactions, yet this compound has the largest rotation of the entire 
series.) On the other hand, quite good agreement is obtained if we accept Whiffen’s 
assumptions that (1) only that chair form will be present which has the fewest axial 
hydroxyl groups, and (2) the optical rotation of trans-1,3-cyclohexanediol can be 
neglected in comparison with that of trans-1,2-cyclohexanediol. The appreciable 
rotation of the 1,3,4/2,5 pentitol indicates, however, that the rotation of the 1/3 diol 
may be of the order of 20 per cent of the rotation of the 1/2 diol. 

It would be most interesting to have measurements of the rotations of these com- 
pounds at elevated temperatures in inert solvents. We should expect that the rotations 
of 1/3-cyclohexanediol and 1,3,4/2,5 cyclohexane-pentitol would be small and inde- 
pendent of temperature, whereas all of the other rotations should decrease in magni- 
tude with temperature as the two chair forms tended to occur in equal amounts. The 
rotation of 1,3,4/2,5 pentitol should change sign at high temperatures. | nfortunately 
the data at present available do not provide a very sensitive test for the principle 
of pairwise interactions, since it is not known to what extent the observed deviations 
from the predicted values are caused by non-axial symmetry of the hydroxyl groups, by 
violations of Whiffen’s assumptions, or by interactions with the solvent. These data 
do, however, suggest that the hydroxyl groups in these compounds must be nearly 
symmetrical, and that one or the other of the two chair forms is rather strongly pre- 
ferred at room temperature 

rhe substitution of a carbon in a cyclohexane ring by an oxygen atom should not 
greatly alter the geometry of the ring. The six-membered pyranose rings of the sugars 
should therefore exist in two chair forms that resemble those of cyclohexane, and the 
vicinal actions between hydroxyl groups attached to the pyranose ring should not be 
very different from the vicinal actions between hydroxyl groups located at equivalent 
positions on the cyclitols. It is interesting to compare the shifts in rotation that are 
tabulated in Tables 3 and 4 with the shifts that would be expected in the light of the 
discussion of the cyclitols 

Let us say that it is carbon atom C, in the ring that is replaced by oxygen. A 
complication arises because this substitution makes it possible for contributions to the 
optical rotation to arise from interactions between the ring and groups attached to the 
ring at positions C,, C,,C, and C;. The complication can be avoided for the moment 
if we consider at first only those groups that are attached to the ring at position C,, 
since the interactions between the pyranose ring and a freely rotating hydroxy] group 
at C, cannot make any contribution to the optical rotation. Therefore the change in 
optical rotation that results from a shift in the hydroxyl group from the D to the L 
configuration at C, should involve the same interactions as those that occur in the 
cyclitols. The discussion is greatly simplified if we assume that the groups on C, 
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interact predominantly with groups that are located on the adjacent carbon atoms, 
C, and C,; this means that we shall follow Whiffen in assuming that the interactions 
involved in the constant B of Table 6 will be neglected. We have seen that this 
assumption leads to good results with the cyclitols, even though it cannot be exactly 
correct. Under these conditions it is readily seen that, provided the ring conformation 
remains fixed as either Cl or 1C, a change in configuration at C,C,C, from DDD to 
DLD or from LDL to LLL should result in no change in optical rotation. Unfortu- 
nately there is only one example with which to test this production, namely the change 
in rotation in going from /-D-glucose to /-D-allose, which amounts to 34 

The failure of this rotation change to vanish might be explained in several ways. 
Perhaps the interactions between the groups at C, with the groups at C, and C, are not 
negligible. It seems, however, unlikely that these interactions would be as large as 34°, 
in view of the considerably smaller upper limit to the value of B in the cyclitols. An 
alternative possibility is that /-D-glucose and /-D-allose do not have the same chair 
conformation. This disagrees with the considerations of Reeves*’, which indicate that 
both sugars are probably in the Cl conformation. (The correctness of Reeves’ views 
also gains support in what follows.) The only other explanation that seems plausible 
(aside, perhaps, from an error in the rotation of /-D-allose) is that in one of these two 
compounds— probably /-D-allose—there is for some reason a restricion in the ability 
of the hydroxyl groups to assume axial symmetry about the bonds that hold them to 
the ring 

It is also readily seen that, again assuming that the constant B in Table 6 can be 
neglected, a change in configuration at C,C,C, from LDD to LLD will produce a 
change in rotation of —3A if the ring conformations for both configurations 1s ¢ l, and 
3A if the ring conformations are both 1C, A being the same constant as that 
appearing in Table 6. Furthermore, a change from DDL to DLL at these positions 
will produce a rotation change of +3A if the rings are in the Cl conformation, and 

3A if they are in the 1C conformation 

Reeves*’ has given reasons for believing that the Cl conformation is almost 


exclusively present in the « and # forms of D-glucose, D-galactose, D-mannose, D- 


gulose, D-talose, D-ribose, D-xylose and L-arabinose The pyranose ring of a-D 


allose is also believed to exist in the Cl conformation. On the other hand, «- and /-D- 
altrose, D-idose and D-lyxose, and //-D-allose probably do not exist exclusively in the 
Cl conformation 

The following rotation changes are found in Table 4 for pairs of sugars and sugar 
derivatives which are believed to exist in the Cl conformation, and which have the 
configurations DDL and DLL at C,C,C,: 


a-D-gulose, x-D-galactose 
}-D-x-glucoheptose, P-D-x-mannoheptose 
Methyl «-D-guloside, methyl «-D-galactoside 
Methyl /-D-guloside, methyl /-D-galactoside 
Methyl tetracetyl «-D-guloside, 

methyl tetracetyl «-D-galactoside 
Methyl tetracetyl /-D-guloside, 

methyl tetracetyl /-D-galactoside 66 


(D-a-glucoheptose and D-a«-mannoheptose have pyranose rings in which the hydroxyl 
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configurations are identical with those in D-gulose and D-galactose, respectively.) If 


we take Whiflen’s value of 45° for A, then a rotation change of iA 135 


would be expected in these compounds. This is not very different from the observed 


values, even in the methyl glycosides, and surprisingly enough the correct sign and the 


correct order of magnitude are obtained even for the acetylated methyl glycosides. 


whose rotations were measured in chloroform 


Ihe conformation change LDD to LLD at C,C.C, brings about the following 


rotation changes 


6-D-mannose 90 
celtrobiose (4 rlucosido)-D-mannose 71 
Methyl tetramethyl «-D-altroside 
methyl tetramethyl «-D-mannoside 137 


glucosido)-D-altrose.) The predicted rotation change for sugars 


(Celtrobiose 1s 4-( 


in the Cl conformatior 135 In spite the fact that D-altrose ts not 


Cd CXIST IN contort tion, the opserved snilts in rotation are 


Irom the interactio group nd the ring Then it 1s easily seen that 


mDDD to DLD or fro 


the Ci contor ition are € Drackets) 
DDD -- DLD 

[Methyl x-D-guloside, methyl x-D-iodoside 
LLI 
i-D-gluc 


sido)-D-mannose 


Methyl /-D-glucoside methy D-mannoside 68 
Methy! D-glucomethyl age, meinyi D-rhamnoside 72 
[Methyl /-D-xyloside, methyl /-D-lyxoside 102°] 
Phenyl D-glucoside, phenyl /-D-mannoside 0 
|x-L-arabinose tetracetate, z-L-ribose tetracetate 308°} 
D-glucose pentacetate D-mannose pentacetate 113 
-cellobiose octacetate, /-(4-//-D-glucosido)-mannose 
octacetate 14 


Methyl 2.3.4.6 tetramethyl! (/-D-glucose, methyl 


| 


2.3.4.6 tetramethyl «-D-mannose 


The results show that R, has a value of about -- 70°; all of the observations that differ 
appreciably from this value involve compounds that are not exclusively in the Cl 


conformation or are heavily acetylated or methylated. 


a 
4 
Be correct in sign and not tar off in order of magnitude r 
el Similar considerations can be applied to the changes in rotation that result when . 
a configurations are changed at positions ( and ¢ n the pyranose sugars. Let us a 
a assume that when the ring ts in the conformation Cl a change in the configuration at : 
a ( from D to L produces a change R. in the contrib ition to the opti il rotation arising aa 
a change in configuration at C,C.C. (from LDL to LLL should 
proaguce 1 ro hon R provided, as dDelore, that we negiecct inter- 
a actions OF the type that lead | the g tv Bin Table ¢ Ihe observed rotation = igs 
:.. changes are as follows (changes which involve sugars not believed to be exclusively in be ae 
| 
-~D-galactose, -D-talose 71 
[x-L-arabinose, z-L-ribose 85°] 
-cellobiose, 
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A change at C,C,C, from DDL to DLL results in the following changes in rotation 
(as above, changes involving sugars not believed to be exclusively in the Cl conforma- 
tion are given in brackets) 


|z-D-xylose, x-D-lyxose 

x-D-glucose, x-D-mannose 

z-D-galactose, «-D-talose 

x-L-/}-guloheptose, x-L-x-guloheptose 
z-D-xz-mannoheptose, z-D-/-mannoheptose 
z-D-glucomethylose, x-D-rhamnose 

[Methyl -L-arabinoside, methyl /-L-riboside 

[Methyl «-D-xyloside, methyl «-D-lyxoside 

Methyl «-D-glucoside. methyl! x-D-mannoside 

Methyl z-cellobiose, methyl x-(4-/-glucosido)-D-mannose 
Methyl «-D-glucomethyloside, methyl «-D-rhamnoside 
*henyl «-D-glucoside, phenyl x-D-mannoside 

Various acetates 


\ arious haloacetates 


A consideration of the molecular geometry in the Cl conformation shows that one 
would predict a rotat hans ; 3A for this group of compounds. Setting 
R, 70° and A ; gives a predicted change of 205 somewhat 
greater than is observed, but of the correct sign and order of magnitude, even for the 
methyl and phenyl glycosides and for the methylated and acetylated derivatives 

For a sugar in the Cl conformation a configuration change from LDD to LLD at 


C,C.C, would be ex 1 to produce a change in rotation of R, 3A 


70 135 65 lhe examples listed in Table 4 all involve sugars that are not 
entirely in the Cl conformation, but in spite of this the values are quite close to the 


expec ted one 


[-D-allose, /-D-altrose 59 
[p-D-x-glucoheptose, /-D-/-glucoheptose 60°} 


[Methyl }-D-guloside, methyl (-D-idoside 63 


It is also possible to interpret the changes in optical rotation accompanying a 
configuration change at position C,, the glycosidic carbon atom. A hydroxyl group 
at C, will, according to the assumptions made in these paragraphs, contribute to the 
rotation (a) through its interaction with the ring, and (b) through its interaction with 
the groups at position C,. Let R, denote the contribution of the ring interaction (a) to 
the change in rotation when a hydroxyl at C, is converted from the D configuration to 
the L configuration, the ring conformation being Cl. Consideration of the ring 


geometry in the usual manner shows that if the ring conformation is Cl and the 


hydroxyl at C, is in the D configuration, then interaction (b) will change by 2A 
when the hydroxyl at C, is changed in configuration from D to L (.e. from « to / in 
the more usual nomenclature of groups at the glycosidic carbon atom). On 
the other hand, if the hydroxyl at C, is L and the ring conformation is Cl, 
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then interaction (b) will change by +A when the configuration at C, is changed from 
D to L. Thus we see that if the configuration at atoms C,C, is changed from DD to 
LD in a sugar whose ring is in the Cl conformation, the optical rotation should change 
by R, — 2A, whereas a configuration change at the same positions from DL to LL 
will change the rotation by R, + A. As seen in Table 3, free sugars in the “glucose 
class” undergo a configuration change of the former type (DD to DL) in transforming 
from the « to the # form, and the accompanying change in optical rotation is about 

175° for the free sugars. Sugars in the “‘mannose class” undergo a configuration 
change of the DL to LL type in going from the « form to the / form, and the optical 
rotation change (where both forms are in the Cl ring conformation) is about +80. 


Thus we expect that 


which leads to the results, R, 112°, A 32°. This value of A is in only fair 
agreement with that obt iined from the study of the cyclitols (viz., A 45°). It is 
interesting to note that, in contrast with the findings of many other sugar derivatives in 
Table 4, groups other than free hydroxyls (e.g. methoxy, phenoxy and acetyl) give 
considerably different values of A from that iust found with the unsubstituted sugars 

In summary, it appears that the rotation changes in the sugars are at least roughly 
consistent with the observed rotations of the cyclitols, indicating that the interactions 
between hydroxyl groups are similar in magnitude, though not exactly the same. It 
is evident that the principle of pairwise interactions cannot lead to very accurate 
predictions of the rotations of the sugars, possibly because of restricted rotation of the 
hydroxyl groups and solvation effects that vary irregularly with configuration 

Fig. 13 shows a number of further relationships between the optical rotations of 
compounds containing five-membered rings. These relationships are all derived 
assuming that the ring has an effective plane of symmetry in the plane of the ring, as 


previously discussed. Figs. 14 and 15 show relationships involving some compounds 


with fused five- and six-membered rings. 

Many bicyclo compounds have the advantage that the ring systems are relatively 
rigid, so that uncertainties arising from the possibility of several ring conformations, or 
even from distortions of otherwise stable symmetrical ring conformations, do not 
arise. Numerous relationships may be deduced for the optical rotations of such com- 
pounds, and it is probably here that the best tests of the principle of pairwise inter- 
actions should be sought. For instance, in the dilactones A and B shown in Fig. 16 the 
optical rotations should be independent of the nature of the groups R,, Ry, R, and R, 
so long as these groups are axially symmetric (H, C H.., halide or C N) or sO long as they 
can acquire axial symmetry by rotation about the bonds i joining them to the bridgehead 

carbon atoms (ethyl, hydroxyl). This results from the fact that none of the pairwise 
interactions between either R, or R, and the rest of the molecule, or between R, and 
R, themselves, can result in any contribution to the optical rotation, since each pair of 
groups involving R, or R, as one member of the pair either may be superimposed on 
its own mirror image or it is counteracted by another pair which bears a mirror image 
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T-Q+R U=P+R V=0-P W=N-Q X=P+0 


13 (c) 


Fic. 13a,b,c. Relationships between the optical rotations of compounds containing 
five-membered rings. 
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relationship to it. In the compounds C, D, I and F in Fig. 16 it is easily seen that the 
rotations should be related by 
Cc D F) 


where the R,; are any axially symmetric groups.* 


The bicyclo compounds related to camphor offer a particularly fruitful area for the 
application of the principle of pairwise interactions because their rigidly cross-braced 
frame-work produces a well defined and fairly symmetrical structure which should not 
change appreciably when groups are substituted on it at different positions. Further- 
more, the optical rotations of many of these compounds are known, so that some of 
the expected relationships may be tested. 


compounds are not entirely 
to the lower 
1 account 1s taken 
symmetrical, un 
4169 (1960) have 
also shown from infra-red and Raman s tinat molecule ts probably not tv 
* R. B. Turner, W. R. Meador and r dimer. Chem. Soc. 79, 4121 (1957) 


F. Fong, personal communication 


a 
on 
al 
OH 
\ af 
D 
3 ay 
q ° 
HO 
4 
I i4. Cor oun gs cipic oO LIT wise 
A+C=2B+D+E+!1 
A+I1=B+G+H 
H Me Me 
= 
A=B+C B CG 
4 six-membered gs 
3 


Pairwise interactions 


(-) camphor (—) «- fencho- 
camphorone 
R Rt. L MMM, R kd M MM, 


(+) isofenchone (—)g@ -fenchocamphorone 


RRL MMM 


x 
/ = 


\ 


\ 


oO 


x 


=x » 


\ 


20 0 


\ 
x 


(+) fenchone (+) campheni!one 


he derivation of relationships between the rotations of compounds of this type ts 
facilitated by adopting a simple notation. The positions of the seven ring carbon atoms 


in the bicyclo [1.2.2] heptanes are given the symbols shown in Fig. 17, R‘ referring to 


the atom on the right that lies toward the top of the paper (generally designated as C,), 
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Further simplifications are possible because certain of the pairwise contributions 
vanish as a result of the symmetry of the molecule. This is true of all of the inter- 
actions of M\,, My, and Mj, with each other (that is, all of the interactions among the 
atoms in the portion CH,—C—-C(CH;),—CH of the camphor molecule), since all of the 
pairs of atoms and groups concerned are superimposable on their mirror images. 
The interactions [Lan Lan) | [Regs Lea), [Ry Rival, and RR rl, 
also make no contribution to the optical rotation. Furthermor 1 in 

pairs are mirror images of other interacting pairs, so then 


rotation differ only in sign. Thi 


[Re 


When these simplifications are taken into account we find that the pa 


butions to the rotation of (—) camphor are given by 


[M] = + (Ring Lin] (Las 


Similar reasoning can be applied to the remaining compounds illustrat 
and the resulting expressions for the optical rotations are given in Table | 1S tion 
of this table shows that the following relationships between the optical rotations shoul 


exist. (The optical rotations are represented 1] for (—) 


it] Cal | 
fencho-camphorone, etc., the Roman numerals being those in the | 1and column of 


Table 7) 


(100) — = + RE + + 
[Vv] — Re 


The symmetry of bicyclo [1.2.2] heptane is such that the pair RyyMy and the pair 
Livy My are mirror images of each other, and the same is true of RyyyMy and Ly My. 
Therefore [Rypy.My] and Consequently 


we arrive at the relation 
{I} ({V]} [VI})! 
The observed rotations of these compounds in various solvents are shown in Table 
Unfortunately all of the rotations have not been measured in an inert solvent, nor 
have they even been measured in a common solvent, and it is evident that rather large 
solvent effects exist. Taking the extreme values of the observed rotations of each com- 
pound in all of the solvents in which measurements have been made we find that 


[1] — [11] lies between —40° and — 68 


— [1V]) + ({V] — [VI]})} lies between —10-S° and +-42-5 
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A TIONS OF SOME CONFIGURATIONALLY RELATED BICYCLO-KET« 


M 


(except fenchone, where the 


and in alcohol will be find 


67 
({1V} [VI}) 18-6 


thanol are used (except for x-fenchcamphorone where 


ti the 


44 


— + — [VID 


s of treating the data is the agreement with the expected values 


In none of these method 
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OT 
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compounds it is not possible to say. It should be emphasized, however, that this set of 
compounds would be expected to be particularly suitable for testing the principle 
since the molecular skeletons are rigid. Furthermore, all of the groups involved other 
than carbonyl are non-polar and the changes that are made in going from one com- 
pound to another occur at relatively well separated points, so that the effects of higher 


order interactions ought to be especially small 


5 diketofenchone 


MMM, 


Another group of compounds wh rotati » shown to be 
shown in Fig. 18 and Table 8. Using the sam ning as that employed al 


denoting the optical rotations by the bracketed c: lL | given in the 


column of Table 8, one finds that 


— [F] — [G] 


Although the rotations of all of these compounds are available, several solvents have 
been used and we have no set of rotations in a common solvent. Taking the extreme 
rotations of each of the compounds tn all of the solvents in which they have been 
measured we find that 

[A] + [B] — [C] — [D] takes values between -+-3° and 
and 

[E] — [F] — [G] takes values between +7" and —93 

This result is consistent with the prediction, but the solvent effects are evidently too 


variable to make a real test possible. 
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Lowry’ prepared the and 33-monochlorides and monobromides and the 3,3- 


dichloride and dibromide of camphor and measured the optical rotations in benzene 
(Table 9). He demonstrated that the rotations very closely obey the relationship 
3x-monohalocamphor 33-monohalocamphor camphor 


3,3-dihalocamphor 


It is easily shown that the observation is a consequence of the principle of pairwise 
interactions if one makes the same assumptions regarding the geometry of the bicyclo 


°' T. M wr ptica tatory Power p. 310. Longmans, Green London (1935). 
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[1.2.2] heptane skeleton that have been employed in the previous discussion. Let us 
introduce the symbols R\,.RX,,Rj,,.Ri, to represent, respectively, X(the halogen atom) 
in the x configuration, X in the # configuration, H(the hydrogen .atom) in the « con- 
figuration, and H in the # configuration, at position R®. The carbon atom in the ring 
at R” will be represented by R?. Then writing the symbol [A] for the sum of those 


pairwise interactions which are common to all of the compounds studied by Lowry, 


+ + [Ro-Lin) + 


iJ 
we find that camphor has the rotation 


[M] = [A] + + + L 
The « halogen derivative of camphor as the rotation 


[M] = [A] + 


} halogen derivative has the rotation 
[M] = [A] + 

3,3-dihalogen derivative has the rotation 


= [A] + ((R&, + + + Low + Mi, Mi)] 


Lowry’s relationship follows directly from these expressions. 
The success of this relationship here is surprising because these compounds would 


not be expected to be as favor ible for the application of the principle of pairwise inter- 
actions as were the bicyclo [1.2.2] heptane derivatives that were previously discussed. 


The substitution of one or two rather strongly polar halogen atoms for hydrogen atoms 
on the carbon atom adjacent to the carbonyl! group in camphor might be expected to 
have an appreciable effect on the pairwise interactions ol the carbonyl group with the 
remaining groups in the molecule (i.e., on the terms that go to make up the quantity 
[A]). Furthermore, one would think that the interaction terms and 
between the halogens at C, and the carbonyl might depend considerably on hether the 
second atom at C, is hydrogen or halogen. The success of the principle here makes it 
all the more likely that the much poorer agreement observed in the previous examples 
of bicyclo [1.2.2] heptane derivatives must be ascribed either to solvent effects or to 
erroneous experimental data. 

Several other relationships among the optical rotations of derivatives of bicyclo 
[1.2.2] heptane derivatives are indicated in Fig. 19. These relationships may be derived 
by the methods illustrated above. Data are not available to test these relationships. 

One other group of compounds has been found in which the pairwise interaction 
principle may be tested. This group is made up of steroids in which ring fusion freezes 
the rings into conformations which presumably resemble one or the other of the chair 


forms of cyclohexane. It has been shown above that any pair of axially symmetrical 


groups whose axes lie in the same plane cannot contribute to the optical rotation by 


pairwise interactions. Such a relationship exists for any pair of groups attached to a 
cyclohexane ring at axial (i.e., “polar’’) positions, and it also exists for any pair of 1,3 
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ras_e 10. RELATIONSHIPS BETWEEN THE OPTICAL ROTATIONS OF 
STEROIDS DATA FROM MATHIEU AND Perri 


[M],, (in CHCI,) 


hydroxy-5x-cholestane 


-cholestane 


and unsubstituted steroids 
myX- Y-steroid my X-steroid nay Y-steroid steroid 


provided that the groups X and Y are h in either axial positions or in coplanar 


equatorial positions This relationship is tested in Table 10, where the groups X- and 


Y- are in four instances hydroxyl groups which are assumed to have axial symmetry 
due to rotation about the C—O bond attaching them to the ring. In one instance X- 
and Y- are bromine atoms. The predicted relationship, while not obeyed perfectly, 1s 
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OH 


nevertheless in reasonably good accord with the observations. What discrepancies 


there are might be accounted for by the failure of the hydroxyl groups to behave as 
truly axially symmetric grou f partially restricted rotation in one or more 
compounds in each set he presence of th --membered ring **D” in these steroids 


bered rings from the assumed 
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principle to a convenient rule which, in modified form,’ appears to be rather widely 


applicable. The modified rule, for which the name: “Conformational Dissymmetry 
Rule” is proposed, can be stated as follows: 
(a) The “conformational unit” I is dextrorotatory"™ in the absolute configuration 


shown. 


(b) The magnitude of this rotatory effect is proportional to constants characteristic 
Pro} 
of the terminal atoms, X and Y:™ 


(c) The rotatory power of a full conformation (as II) is the sum of the rotatory 


contributions of the six constituent conform tional units. 


This conformation will be dextrorotatory when X and Y are both more polarizable 


than hydrogen (compare conformations a and 5*). Numerical values for representa- 
tive full conformations have been obtained empirically;'® some of these values are 


shown in Il 
Whiffen® showed that his form of this rule could be used to predict the sign and 
magnitude of rotation of the polyhydroxycyclohexanes and the pyranose sugars and 


0 


pyranosides The modified rule,” using somewhat different constants, permits similar 


predictions in the carbohydrate series and has been extended to open-chat saturated 


carbocyclic. endocyclic unsaturated and deuterium compounds In certain cases 
additional effects resulting from gross asymmetry about a carbon atom or from general 


molecular dissymmetry must also be taken into account. It is the purpose of this 
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and Leonard" and as confirmed by an X-ray diffraction study of «-isosparteine(IIT). 


The rotatory ef! of the bond the ali-chair form of z-isosparteine is shown 


in Fig. [V: the li otat f this conformation and configuration 
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the rotatory effect varied with the sine of the angle 4). As seen in the tabulation under 
Fig. IV, all of the conformations of «-isosparteine are predicted to have the same 


rotation: this value is in reasonable agreement (in magnitude) with rotations reported 
for the hydrate, [M],, 129 (abs. alc.),"” 141 (methanol)."® 


A similar analysis of conformational dissvmmetry in Sparteine (V1) and spartalu- 


pine (VII) indicates that these epimers should have smaller rotations, with sparteine 


having the same sign of rotation as «-isosparteine and spartalupine having the oppo- 


site sign. The configurationally related alkaloids do, in fact, have rotations of 
the predicted sign and order of magnitude [sparteine [M],, 41 (abs. alc.);"  sparta- 
lupine, [M],, —36 (abs. 

his rule is not applicable at present to lactams (as lupanine) or fused ring aro- 


matic compounds (as thermopsine) in part because reliable rotation constants for 
bonds near highly unsaturated groups are not yet available. Perhaps more important 


* L. Marion, F. Turcotte and J. Ouellet, Canad. J. Chem. 29, 22 (1951) 

** N. J. Leonard and R. E. Beyler, J. Amer. Chem. Soc. 72, 1316 (1950) 

> R. Greenhalgh and L. Marion, Canad. J. Chem. 34, 456 (1956) 

‘* M. Carmack, B. Douglas, E. W. Martin, and H. Suss, J. Amer. Chem. Soc. 77, 4435 (1955) 
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is the likelihood that in these compounds the whole molecule forms a single dissym- 
metric pattern of polarizability (“permolecular dissy mmetry”) the rotatory effect of 
which is dominant. Thus, the alkylation of cytisine (Chart I) produces an enormous 
rotatory shift which cannot be explained at all by the Conformational Dissymmetry 
Rule. It is the author’s opinion that the approach exemplified by the Octant Rule may 


be needed to account for such long-range “permolecular” effects in unsaturated com- 


pounds; a possible alternative 1s analysis of such patterns of polarizability as extended 


dissymmetric conformations 


Flexible compounds 
An estimate of the relative prevalence of each possible molecular conformation 


must be made if the Conformational Dissymmetry Rule is to be applied to a flexible 
compound. The following rules’® permit a convenient but approximate conforma- 
tional analysis of open-chain compounds 

(a) Only staggered conformations are “allowed” 

(b) The five atom conformation VIII ts “prohibited” when the terminal atoms are 
larger than hydrogen. The strain in this conformation would be equivalent to that 


found in the corresponding | 3-diaxial cyclohexane. 
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(c) The conformation IX is “prohibited”. The cis conformations of 1,1,2-tri- 
forms by at least 4 kcal. By the same argument, the two conformations X and XI, 
which in 1.1.2.2-tetrachloroethane’ and 2,3-dimethylbutane™ have almost the same 


chloroethane” and of 2-methylbutane* are less stable than the corresponding skew 


energies, must be “allowed” 
(d) All “allowed” conformations are, in the first approximation, equal in energy. 
This rule is the weakest of the four and. in many cases, can obviously be relaxed: it is 


really only needed in the conformational analysis of compounds with long flexible 


chains. 


These rules, used systematically, permit a sim if approximate, conformational 


alysis of a compound such as (-—-) 3-methylhexane (XII). Bond (¢ C. is “allowed” 


to have two conformations having! ‘ powers ol 60° and OU When this bond 


is in the dextrorotatory col mi in “allowed” conformation olf bond 


( C, is also dextrorotatory (rules b and hen the conformation at ¢ ( 


dextrorotatory the levorotatory conltorm: na is “prohibited” 


the others being “allowed”. (These restraints on rotation at bonds ¢ C, and C, 


are readily seen | and-s nod or the case when bond (¢ C., has 
its dextrorotatory ¢ | n. there are. then. two molecular conformations having 


rotatory powers of 180° and 2 When the conformation at C,—C, 1s levorotatory 


the rest of the molecule has greater rotational freedom. Both the dextrorotatory and 


the levorotatory conformations at C,—C, are “allowed” and for each of these cases 
two conformations are “allowed” at C,--C,. These four molecular conformations 
have predicted rotations of 60°, 0, 120° and 180 This analysis is summarized in 
a convenient form by the branching diagram shown under XII. Note that if each con- 
formation is considered equally probable the net rotation of the mixture would be 10 

this compares well with the observed value of 9-9 In effect, the asymmetric atom has 
provided a dissymmetric environment for the ethyl and propyl groups and prevented 
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them from acting as cylindrically symmetrical substituents. The sign and magnitude 
of rotation of a large number of simple open-chain compounds can be predicted by 


this method.” 
Freudenberg™* has pointed out that the acid phthalate of a secondary carbinol 
having the absolute configuration XIII (S is a small alkyl group, L is a large alkyl group) 


is more dextrorotatory ({M],,) than the parent carbinol. The “Phthalate Rule” can be 


rationalized by use of the Conformational Dissymmetry Rule: this analysis suggests 


a more general “Benzoate Rule”’. 


rmation XIV i hich reso- 


A benzoate ester will 
up and the 


nance effects are Mm 

alkyl group are mini ric require- 
ments and will tend to align ubstituents 
the carbinol carbon aton hus the benzoat me confor- 


mation about the 


nZ7ene ring’) 

should be strongly dextri 

than the hydrogen atom 
conformation XV_ will be 
rroups, L and S, become 
XVI will be present. Accordin 


tude of the rotation difference between the ben 


levorotat 
ly and are nilar in polarizabdility, the 
ind the carbinol (A 
[M} ) will be related to the difference in the steric requirements 
groups. This will not, however be a simple relationship since benzoylation will alter 
the conformational freedom of L and S and so produce additional (but probably small) 
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conformational dissymmet “flect This analysis indicates that similar rotation 


) carries m- or p- substituents. 


shifts should be observec izoate grout 
this | 


Acid phthalates might be expect to follow rule because they would probabl: 
tend to have th drogen-! led structure XVII, which would reinforce the required 
rer o-substituents pro- 


ted to apply equally well to 


open-chain and iturated carb nos 
an 
~ 
= 
\ 
og As seen in Tables nd p- substituents do not interfere with the operation = 
ol i sStituent crease U magnitude of the rota- 
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2. MOLECULAR ROTATIONS OF BENZOATES OF MENTHOI 
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CO.H 20 332 259 " 
CO,.CH 20 265 246 
20 24 235¢ 241 
CH 20 231 240° 24 
Br 20 205 239 239 
ee a OCH 20 145 247 239 
Be te 236 
N ate 24 c.) : 
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Benzoate 
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4 Positic Carbino Benzoate \ Carbinol \ 
3 97 114 17 90 98 8 
2 4 12 98 110 113 280 167 
6 136 307 171 ; 7 
7 43 108 151i 202 428 226 ; 
, 
4 
PNB 232 55 55 23 6 36 16 19-5 
a DNB 278 20! 84 52 95 53 33 36:5 | 
OH ) PNB DNB nzo : 
x 
43 65 28 54 
PNB 158 69-5 45 83 55 12:5 18-5 
ee : DNB 185 42 9 14 94 66 56 2 
AP} 176 133 148 83 
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A parallel analysis indicates that when the two substituents at the carbinol center 
have similar steric requirements but differ in polarizability then the carbinol having 
configuration XXIII (P is the more pol irizable group, R is the less polarizable group) 
(compare XXIV and XXV). Mills®® has already 


will show a dextrorotatory shift 


pointed out that such shifts do indeed occur in the case of allylic alcohols of the terpene 


and steroid series; the example shown in XX VI is typical. 


436 
404 


XXXVI 


et be safely applied to the phenyl alky! carbinol series where the 
highly polarizable phenyl! group 1s usually also t most bulky substituent. Very large 
solvent effects are noted in the rotations of the acid phthalates of this series 


lic ketones 

We are attempting to establish the limitations of the Conformational Dissymmetry 

Rule by testing its applicability to groups of conformationally sim ye compounds of 
: 

‘ has made it possible 


known configuration. The thorough work of Djerassi ef ai, 
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(indeed, necessary) to try out this rule on cyclic ketones. For the most part it gives 
predictions equivalent™ to those made by use of the Octant Rule.* The cases in which 
the two rules give opposite predictions are of especial interest as they indicate an area 
where experimental testing is needed. Although the tests we propose have not yet 
been made (Jan. 1960) it seems desirable to bring this discrepancy into the open since it 
indicates a limitation of one or the other of the rules. 

An equatorial substituent at position 2 of a cyclohexanone is almost coplanar with 


the carbonyl group (see the shaded portions of XX VII): this nearly symmetrical con- 


be expected to produce little rotatory effect. An axial substituent at 
the same p nn forms a highly dissymmetric conformation with the 


froup, tn particulal contormation and configuration has the sa ne geometry as V 


(let X be the axial substituent and Y the carbonyl oxygen atom) and so should produce 


at some absorption band of the carbonyl group.”* This will, of 
course, on dD ose! le if the axial substituent at position 6 nich isinan enantio- 


meric contormation) has a iowel polarizé it is to de expected, tnen, that while 


alkyl, chloro and bromo groups in the configuration shown in XXVIII will produce 
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positive Cotton effects, a fluorine atom (less polarizable than hydrogen) w ill produce a 


negative Cotton effect; such results have been observed.™ Thus the two rules appear 
to give concordant predictions for equatorial and axial substituents at the 2 position. 

An equatorial substituent at the 3 position lies in a plane containing the carbonyl 
carbon atom (position |) and the carbon atoms at positions 2 and 3. While this plane is 
per se, symmetrical, it is skewed relative to the double bond of the carbonyl group (see 
the shaded portions of XXIX). The substituent then extends the dissymmetric con- 


formation about the bond C,—-C, and might be expected to have some rotatory effect: 


{ 
? 
<4 
+ - stick , 2 
f by tt 
tuent three 
fect would proba be relat y smal the visible since the substituc sal 
es cally ac ibsorption band was approached. The direc f this effect, as predicted 
ron sno ap i! rrotal y eff ts several steroid kel es CO! nione ; 
extended conformations o sort (see heavy line XXX and XXXI): these 
Positive mn effect 
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ketones show large Cotton effects of the predicted sign. Figures XXXII and XXXIII 
show that, in this respect, the 4- and 6-ketosteroids have similar dissymmetric con- 
formations and so should give similar negative Cotton effect curves; this is observ ed. 


These predictions are similar to those made by use of the Octant Rule. 


Negotive cotton effect 


ve cotton effect 
XXX 


[he two rules give ¢ predictions when it comes to axial 3-substituted cyclo- 


hexanones. As seen in 1 axial substituent makes a dissymmetric conforma- 
tion with the carbonyl carbor he carbonyl! double bond extends this conforma- 
tion but is not The relationship between the geometry of the 
contormation an electronic transition 1s, U fore, different here 

cannot safely predict at which absorption band this conformation will produce 1 
Cotton effect.** It howe\ ‘ atter of some interest that if thi nformation 


were to produce a posi otton effect at about 300 mu then nple explanations 
would be provided f e di Si urves shown by ( menthone (XXXV: 
XXVI) and (--) 3-methylcyclopentanone (XXXVII). Under th tant Rule, the 
positive Cotton effect is ‘nthone is explained® n tl 


iained iS ming t it tne CoNn- 
former XXXVI 


(Suggesting tnal 


ory eflect 
he other 
ule both conio! 


> Case 


Cotton 


) 3-meth 
t. the substitue > a 


negative Cotton efle substituent 


favors a particular mode ot ring-pu ring and it is this twisted ring structure 


which produces the large Cotton effect. Under the Conformational Dissymmetry Rule 


the substituent has the proper orientation fo producing a positive Cotton effect** 


even if all puckered forms of the ring were equally probable (in which case the time- 
average conformation of the ring would be effectively planar, as would the bulk- 
average conformation). 

The Octant Rule interpretations of the dispersion curves of these two compounds 


are not unreasonable and may well be correct; the author is not aware of published 


Ref. 31, pp. 42-49. 
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$ paper no attempt w ill be made to give a general review of the rotatory properties 


IN thi 

of polypeptides and proteins, since such an account has appeared recently.’ Instead, 
some work will be summarized, most it as yet unpublish which relates to the 
of the detailed macromol r conformations of such 


determination of one 
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to 240 mu.* It was there 
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syntheses and by hydrolysis of the polymers to the resulting L-amino acids to assure 


that no racemization had taken place during the synthesis." 


The observation that poly }-benzyl-L-aspartate had a b, value equal in magnitude 


but opposite in sign to that of poly -benzvl-L-glutamate immediately suggested the 
possibility that the aspartate polypeptide preferred to form the helix of opposite sense 


to that of > glutamate, but alternative explanations could account for these changes 


ve have 


yperties of ‘rics of nZyi-L-aspartate 


f copolymers of benzyl-D-aspartate with benzyl- 


a series 


ol poly- -benzvi-L-glutamate ts opposite to that of poly- 


izyl-L-aspartate then copolymers of D-aspartate with L-glutamate should show a 


reguial progression ol optical properties whereas those composed ol L-aspartate and 
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L-glutamate residues should show a nonregular progression of optical properties be- 
cause of the change of sense of helix at some point in the copolymer series. Fig. 2 
shows the specific rotations of these two series of copolymers in a solvent (chloroform) 
which favors the helical conformation. It is apparent that the optical rotation in the 


copolymer series L-benzyl-aspartate:L-benzyl glutamate ts non-linear and markedly 


/ 


80 
BENZYL ASPARTATE 


dependent on the mole percent izyl-aspartate in the copolymers. Or > other 
hand n e lymer series D-benzyl-aspartate:L-benzyl-glutamate the optical 
rotation var! a regular manner with the mole percent benzyl aspartate 

When the sam poly! Si ssolved in a strongly hydrogen-bonding solvent, 
which destro ie helical conformation, both series of copolymers showed linear 
variation of [x];,, with the mole percent benzyl-aspartate as seen in Fig 3 

When the optical rotatory dispersions of the « opolymers in the helical conformation 
(chloroform solution) are fitted to equation (1) the coefficient of the second term, bg, Is 
found to vary in the manner shown by the optical rotation, 1.e., there 1s marked depen- 
dence upon mole percent benzyl-aspartate in the L-benzyl-aspartate : L-benzyl-gluta- 


mate copolymer series and a relatively linear dependence in the p-benzyl-aspartate: 
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L-benzyl-giutamate series. These data are shown in Fig. 4. From previous studies on 
copolypeptides of D- and L-amino acids," it might be argued that if L-polybenzyl- 
aspartate and L-polybenzl-glutamate exist as helices of the opposite sense of twist, the 
optical rotation and by of random copolymers of these polypeptides should change 
markedly over a relatively narrow range of composition representing a region of 
transition from one sense of helix to the other. Furthermore, since it has been demon- 
strated through titration® and deuterium exchange” studies that the L-polybenzyl- 
aspartate helix is less stable than the L-polybenzyl-glutamate helix the transition should 
occur at less than 50 mole percent L-benzyl-glutamate. On the other hand the optical 
rotation and b, of D-benzyl-aspartate:L-benzyl-glutamate copolymers in a helical 
conformation should show a regular dependence on composition which would be 
evidence that no change of helix sense occurs in this series. As can be seen from the 
figures, this is indeed the case and therefore we conclude that there is a change of 
helical sense in the L:L copolymer series while no change of sense or twist occurs in 
the D:L copolymer series. 

Further evidence for the thesis that the opposite sense of twist exists in L-poly- 
benzyl aspartate than does in L-polybenzyl glutamate is obtained from ultraviolet 
rotatory dispersion data.* The data for two polypeptides over the wavelength range 
240-340 mu are shown in Fig. 5. The dispersion of L-polybenzyl aspartate is 
anomalous while that of L-polybenzyl glutamate in this region is not anomalous but is 
complex. 


When the optical rotatory dispersion data from 600 to 240 mu for these polymers 


was plotted in the manner suggested by Moffitt it was found (as mentioned above and 


as can be seen in Fig. 6) that polybenzyl-L-glutamate fits the Moffitt equation to yield a 
b, value of minus 660°. Polybenzyl-L-aspartate fits the Moffitt equation to wavelengths 
as short as 265 my with a by approximately equal to p/us 700°, but at shorter wave- 


lengths deviates markedly. It has been suggested that this deviation is due to the onset 


0 


of a positive Cotton effect which could arise from an interaction between the asym- 
metric x-carbon atom and the ester chromophore which absorbs in the region 220-230 
my. The suggestion is supported by the fact that the specific rotation at 240 my of 
polybenzyl-L-aspartate is much more positive than that of polybenzyl-L-glutamate is 
negative. If it is assumed that the rotation of polybenzyl-L-glutamate is due only 
to the peptide helix and the residue contributions (and this seems a reasonable 
assumption since no anomaly is observed) then the increased dextrorotation and the 
anomaly observed in polybenzyl-L-aspartate around 240 mu must arise from the ap- 
proach to another absorption band, presumably that of the ester group. The existence 
of a Cotton effect would imply that the rotation of the ester group in polybenzyl-L-as- 
partate is restricted whereas where no Cotton effect is observed, as in polybenzyl- 
glutamate, the ester group (located here on the y-carbon) would have not have restric- 
ted rotation. Indeed it would be desirable to be able to measure to wave-lengths 
shorter than 240 my in order to settle this point. It must be emphasized however that 
although the ester groups in polybenzyl-L-aspartate may have restricted rotation, 
which in turn causes the complex rotation below 265 my, the presence of oriented 
P. Doty and R ndberg, at / 43, 213 

A. R. Downie, A. Elliott, W anby and Malcolm, Proc. Roy. Soc. A 242, 325 (1957). 

E. R. Blout, P. Doty and J her ’ 
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chromophores in the side chain cannot explain all the observed optical effects. To 
explain the rotatory effects noted above it is necessary to invoke a change of helical 
sense in L-polybenzyl-aspartate compared to L-polybenzyl-glutamate. 

This argument is supported by ultraviolet rotatory measurements on copolymers 


of D-aspariate and L-aspartate with | -glutamate and some data are shown in Figure 7 


[ 


The anomaly observed and noted above for L-pol partate 1s completely lost 
upon incorporation of 10 mole percent L-polybenzyl glutamate whereas the incorpora- 
tion of 10 mole percent L-benzyl-glutamate in D-polybenzyl-aspartate does not result in 
the loss of the anomaly observed with D-polybenzyl-aspartate. In other words it can be 
concluded from tl lata that the incorporation of 10 mole percent L-benzyl gluta- 
mate in D-polybenzyl-aspartate does not affect the helical sense whereas the incorpora- 
tion of 10 mole percent L-benzyl-glutamate in L-polybenzyl-aspartate involves a struc- 
tural change—that ts a change in the sense of the helix. Thus these ultraviolet rotatory 
dispersions offer additional support for the conclusion that L-polybenzyl-aspartate 
and L-polybenzyl glutamate exist as helices of the opposite sense 

The fact that polybenzyl-L-aspartate may exist with a sense of helix opposite to that 


observed with poly-y-benzyl-L-glutamate is not only interesting in itself but may have 
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some important implications for protein structures. Since our knowledge of helix con- 
tent and sense of helix of proteins is meagre it is obvious that all methods should be 
used which may aid in these structural problems. It is possible that the direct observa- 
tion of the optical rotatory dispersive properties of proteins is such a tool, but from the 
results now available’ it does not appear that the method has sufficient precision to 


160r 7 


E. R. Blout, J 
yield the desired data. As another approach to obtaining information about the 
relative helix sense in polypeptides and proteins | wish to describe an effect recently 
observed" by Lubert Stryer which is showing considerable promise. 

It is well-known that proteins and other macromolecules bind dyes and we have 
been examining the binding of dyes to solutions of synthetic polypeptides. If basic 
dyes, such as Acriflavine or Acridine Orange, are added to solutions of polyglutamic 
acid, it is found that the polyglutamic acid binds the basic dyes over the pH range 
4-7. At pH 7 polyglutamic acid exists mainly as the charged polyion and because of 
its charge this polypeptide attains random conformations at this pH. Measurements 
of the optical rotatory dispersion of basic dyes bound to polyglutamic acid in the 
random conformation show rotatory dispersions identical with that of the polypeptide 
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alone. Since the dyes contain no asymmetric center this finding is not surprising. 
However, if the optical rotatory dispersion is measured on solutions of the dye: poly- 
peptide complexes when the polypeptide is in a helical conformation, rotatory disper- 
sion of the type shown in Fig. 8 is observed 


ly anomalous rotatory 


. 


sponding to the dye absorp- 


spersion OF the dye:! elical polyg ulamic 


e observation of the Cotton effect under these 
ric group of the dye has acquired asymmetry, 
n the rotatory dispersion curve indicates that the 
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We have recently investigated this phenomenon in some detail since the magnitude 
of the Cotton effect with dye: polypeptide complexes may serve as a useful measure of 
the helix content of polypeptides and proteins. To do this we have measured the Cotton 
effect of Acridine Orange: polyglutamic acid complexes as a function of pH over the 
range where polyglutamic acid changes from helix to random conformation. From 


preliminary data it appears that the dye:helical polypeptide Cotton effect is a good 


measure of the helix content in this system. 


| 
360 380 4 


It should be noted that a large effect can be obtained with various dye 
residue ratios (see Table) n tact, den ind mea able Cotton effects have been 
obtained where the ratio of ¢ acid ré s to Acridine Orange had a range 
between 20 to | and 4500 to | 

Since Acridine Orange shows a negative Cotton effect with L-polyglutamic acid 
and since L-polyglutamic acid molecules presumably have only one sense of twist, it was 
of interest to inquire what the effect of a polypeptide substrate of the opposite sense of 
twist would be on the rotatory dispersion of a dye: polypeptide complex. To examine 
this we chose the enantiomer of poly-L-glutamic acid, namely poly-b-glutamic acid. 
Whatever the absolute sense of twist of poly-L-glutamic acid, poly-p-glutamic should 
have the opposite sense of twist. The results of the optical rotatory dispersion measure- 


ments are shown in Fig. 9."° As can be seen the Acridine Orange:L-polyglutamic 


acid complex shows a negative Cotton effect whereas the Acridine Orange: D-polyglu- 


tamic acid shows a positive Cotton effect. Thus the Cotton effects observed with dye: 
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Taste 1. SPECTRAL DATA ON THE BINDING OF SEVERAL BASIC DYES TO POLY-L-GLUTAMIC ACID 
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polypeptide complexes may serve as a simple and effective method for the determina- 
tion of the relative helix sense of polypeptides. Such measurements have now been 
extended to a variety of other dye types.” 

Finally, encouraged by the above results with polypeptides, we have begun investi- 
gations of the rotatory dispersion of dyes bound to proteins. One protein which has 


Reproduced pert on me cal Soc 

83, 1411 
been studied is tobacco mosaic virus (TMV) and these experiments are being carried 
out in collaboration with Simmons’®. When Acridine Orange is bound to TMV the 


rotatory data are anomalous and a Cotton effect is observed. If these data are com- 


pared with those obtained with Acridine Orange and polyglutamic acid in the presence 


of phosphate,” it is evident that the Cotton effect observed at 510 my has the same sign 
as that observed with the Acridine Orange:L-polyglutamic acid complex under the 
same conditions. Therefore the preliminary conclusion can be drawn that the sense of 
helix in TMV is the same as that in L-polyglutamic acid. 
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molecular wavefunctions are written as products of group wavefunctions. The result 
can be written as 
i j yy j ‘ 
[m’] Mayor Ry) + Ri) + [m,']} 


ij 


groups 


The potential V,, is the interaction energy between the instantaneous charge distribu- 


tions in groups i and j and R,, is the distance between these groups. The electric and 


magnetic transition moments now refer to electrons, wavefunctions, and transitions in 
specific groups i and j. The optical rotation of group i is [m’\]. It can be calculated 
from the effect of the time average fields of the other groups on group i. Moffitt® 
has shown that the value of g’/g® is of order of magnitude d/R,, where d is a particular 
distance within a group. That is, g' will be small relative to g® if the groups are small 
relative to the distance between them. The relative magnitude of [m’] to g® is difficult 
to assess. As the intensity of an absorption band is proportional to “,*, we expect 
strong bands to contribute to the rotation mainly through g® while weak bands 
contribute through [m, ]. 

Calculations for polypeptides have been made considering only the g® term. This 
allows the optical rotation as a function of wave length to be obtained from the geo- 
metry of the molecule and from measurable optical properties (absorption coefficients 
or polarizabilities) of the groups. The key assumptions are that there is no electron 
exchange between groups and that the interactions between groups is purely electro- 
static. The validity of these assumptions will obviously depend on the choice of 


groups. 


The lix 
Moffitt®.* attempted to find the contribution of the amide groups to the optical 
rotation of an «-helix. He felt that the above assumptions were valid only for these 


non-bonded groups. The calculation involves determining the electronic interaction 


of each amide group with other amides in the polypeptide and with the incident light. 


For the interaction with the light the transient charge distribution of the excited 
amide can be characterized by the transition electric dipole moment. However, for the 
interaction with the nearest neighbor amides, Moffitt felt that the dipole approximation 
was inadequate. He used instead the transition monopoles at the N, C, and O atoms of 
the amide group. Both the mono- and di-pole moments were obtained from the spec- 
trum of the amide group as determined by Peterson and Simpson’. Only transitions at 
1850 and 1480 A were considered. Moffitt’s final numerical result was incorrect 
because of an error in the choice of electronic wavefunction 

Fitts and Kirkwood® were willing to attempt a complete calculation of the optical 
rotatory dispersion of an «-helix with no side chains. They used the dipole approxi- 
mation for the interaction between all groups, i.¢., amide-amide, amide-CH, and 
CH—CH. However, they omitted interactions between adjacent atoms to approxi- 
mately remove the contribution from asymmetric carbons. The necessary optical 
parameters were the transition dipole moments of the amide and the polarizabilities 
of the CH and the amide. 
> W. Moffitt, J. Chem. Phys. 25, 467 (1956) 
*W. Moffitt, Proc. Natl. Acad. Sci. 42, 736 
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Tinoco and Woody’ extended the calculations of Fitts and Kirkwood to include 
polyglycine and polyalanine. They also calculated the optical activity for light incident 
parallel to the helix axis of the polypeptide besides the average rotation. In the Kirk- 
wood approximation the general equation for the effective molecular rotation can be 
written as 


where ,, x, are the polarizabilities of groups of type i and j; Aj, is a constant depending 
mainly on the geometry of the molecule and the direction dependence of the polari- 


zabilities. For a peptide with hydrocarbon side chains we write 


then 
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pp and those in the side chains L or D and therefore write quite generally for the 


rotation 


(BB) f 2f,f, (Dp — L) 
(5) 


(pp): (1 pe) is the contribution from the 


ckbone, etc. We can think of equation (5) as 
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These terms represent the linear change in rotation due to the distortion of the helix by 


the addition of Dp residues. 
It is clear that the significance of the extrapolated value depends strongly on what 


actually happens to the backbone helix when D residues are added. The experimental 
workers have assumed that the helix backbone is unaffected by slight D substitution, 
therefore they should favor equation(7). As(D — BB,,), the contribution of the interaction 


of p side chains with the backbone helix corresponding to the L isomer, is not equal to 


minus (1 BB, ), this extrapolation does not give the rotation of a helix without side 
chains. For polyalanine we have calculated (pb BB, ) to have the same sign and 
order of magnitude as (1 BB, ). The contribution (D BB,,) 1s of equal magnitude 
and opposite sign to (I BB,). This is why assumption (2) (the inversion of the helix 


sense is directly proportional to D concentration) is necessary to give an extrapolated 
| 


value which does not contain side chain-backbone interactions. Both cases (1) and (2) 
have contributions. which may be small, from the interaction of the side chains with 


each other, (D L). The most reasonable assumption Is probably (3), 1.e. some helix 
distortion occurs every time a D residue is introduced. Models show that substitution 
1an «-hel reates enough steric hindrance to bloc! mpletel 
olaDtioranL residue in an z-heux creates enougn steric hindrance DIOCK COM] etely 
rotation of the § carbons in both the p and interacting L side chains. In Fig. 4is a 
picture of left-handed poly-L-alanine containing one D residue The methyls in this 
model can barely rotate, but for all larger side chains rotation is not possible. The 
increase in enthalpy and decrease in entropy which this would cause could be offset by 


distortion and/or disruption of the helix. 
The conclusion we draw from this discussion is that the optical rotation of D.I 


polymers is very difficult to interpret. Curve (4) in Fig. 2 1s calculated for rig] t-handed 


poly-pL-alanine on the basis of equation ( 7). Curve (5) for left-handed polyglycine 
essentially equal to (BB) and so it is roughly a comparison to experiment based on 
equation (8). If assumption (3) is correct then neither of these comparisons is valid 
and Fig. 2 does not give us any information about the helix sense 


The oriented polymer. Fig. 5 gives the calculated rotation for light incident along 


the helix axis for (1) left-handed polyglycine, (2) left-handed polyglycine omitting 


adjacent atoms, (3) left-handed poly-pL-alanine, (5) left-handed poly-L-alanine, and 
(6) right-handed poly-L-alanine Ihe dotted lines show experimental results for 


polybenzyl-L-glutamate in (4a) dioxane™ and (4b) ethylene dichloride.” We notice 
that all the calculated curves for left-handed helices are qualitatively the same and that 
they are in general agreement with the experiments. 

The effect of side chains. All the calculations have been made for the simplest 
polypeptides, glycine and alanine, while most of the experiments have been done on 
more complicated polymers The effect of the side chains on the optical rotation 1s 
difficult to calculate. One problem is in not knowing the configuration of the side 
chains. Two extreme examples are shown in Fig. 6. Fig. 6a shows left-handed poly- 
benzyl-L-glutamate with the side chains arranged randomly, while Fig. 6b shows that 
an extremely non-random arrangement of the benzene rings is sterically possible. In 
spite of these difficulties it will probably be possible to estimate the effect of the various 


side chains on the optical rotation. 
The effect of solvent. Calculations of the optical rotation have of course omitted 
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solvent interactions. Theoretically we know they exist and there is experimental proof 
for the change is optical rotation in various helix solvents." For our comparisons we 
can either use solvents which interact weakly and randomly with the polymer or else 
try to obtain a parameter which is independent of solvent. By making measurements 
near the amide absorption band one may find such a parameter. 


Other measures of the sense of the hel X-ray scattering would seem to be the 
definitive method of determining the sense of the helix. However, recent x-ray work 
has been contradictory. Arndt and Riley’ made an extensive determination of x-ray 
powder diagrams of proteins and synthetic polypeptides. They claimed that in an 
amorphous solid protein, most of the detectable scattering would come from intramole- 
cular distances Therefore, they need not assume a particular intermolecular 
packing to interpret their results. They concluded that there were large amounts of 
left-handed «-helices (but not right-handed helices) in all their samples. Calculations 
have been made by Brown and Trotter’ and Elliott and Malcolm’’ to compare with 
the same x-ray data on poly-L-alanine fibers. 

heir conclusions have depended on the assumption on interchain packing. Brown 
and Trotter favored a left-handed helix with poor agreement between observed and 
calculated data, but Elliott and Malcolm with much better agreement definitely chose 


a right-handed helix. With the uncertainty in the packing still to be resolved we feel 
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further evidence is desirable. It may be that the work of Kendrew er al.” on single 
crystals will provide this evidence. 

Another approach to the problem of the sense of the helix is by consideration of the 
intramolecular forces which determine whether the L isomer forms a right or left- 
handed helix. Huggins®' proposed that short range repulsive forces were dominant. 
This can be illustrated by the following sequence for a left-handed helix. 


H Cc 
O Cy 
O 


For a right-handed sequence the C;,, and C, would be interchanged. The distance 
from the § carbon in the L side chain C,, to the adjacent carbonyl oxygen is 2:7 A. 
Huggins thought this distance too short and therefore favored the C, position; that is 
he thought that the L isomer should form right-handed helices. Donohue” has pointed 
out that identical distances between non-bonded O and C have been found in various 
amino acid crystals and thus rejects the argument 

We have been looking at the attractive forces between non-bonded atoms in the 
polypeptide. The important forces determining the relative stability of the right- and 
left-handed helix are permanent dipole forces and I ondon forces between side chains 
and backbone. The dipole forces vary as r-*, but can be attractive or repulsive, while 
the London force is always attractive and varies as r-®. Our calculation for polyalanine 
which is still in progress, is analogous to one made by Pitzer and Catalano*™ to 
determine the relative heats of formation of isomeric hydrocarbons. 

If Huggins’ view is correct that steric repulsion of the p carbon determines the 
sense of the x-helix then all x-amino acid must form the same sense helix. However, if 
attractive forces are the main factor then each side chain can determine its preferred 
configuration. There is good evidence that not all polypeptides do have the same 


sense helix. 


Other polypeptide structures 
Very few calculations of optical rotation have been made for other polypeptide 


structures besides the x-helix. Murakami® has made calculations for oligopeptides of 


polyalanine The random coil has not been explicitly considered. Zimm et al.*® have 


used the continuous polarizability model of Fitts and Kirkwood?’ to show that the 


J. C. Kendrew in Biophysical Scien tu rogram lited by J. L. Oncley) p. 95. John Wiley 
New York (1959). A personal communication tron ty he nformed us that Kendrew has indeed 
found 70 right-handed helices 
M. Huggins, J. Amer. Chen c. 74, 3963 
J. Donohue, Nat 39, 470 (1 
* kK. S. Pitzer an Catalano imer. Chen 78, 4844 (1956) 
ate R. Blout and H. Karisor j dimer. Chem. Soc. 80, 4631 (1958) 
R. Blout, Tetrah on 13, 123 (1961) 
Murakami. Bull. Chem. Soc. Japan 27, 246 (1954); 28, 583 (1955) 
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optical rotation of a molecule containing short regions of helix and random coil is a 
linear function of the amount of each. Using the present, more realistic model of 
Fitts and Kirkwood* we find that the calculated optical rotation is a more slowly con- 


verging function of distance. Therefore more work is still needed to establish how 


many turns of a helix are essentially equivalent to an infinite helix 

Other types of helices and intermolecularly bonded structures have not been 
quantitatively considered although there is experimental evidence for the latter. 
Conclus OLS 
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“THE invention in 1866 of the Bunsen burner inhibited the more laborious study of 
rotatory dispersion by making it almost too easy to work with the nearly monochro- 
matic light of the sodium flame, and in this way brought to an end the fertile era which 
Biot had inaugurated half a century before.” Thus wrote Lowry in his classical study 


of optical rotatory power ' Asa matter of fact, during the time of Biot and his famous 
pupil, Pasteur, nearly all studies of optical activity were associated with measurements 
of optical rotatory dispersion. It was indeed most unfortunate that much valuable 
information was lost in later years through the extensive use of the sodium lamp by 


almost all the workers in this field. Within the last five years, however, we have wit- 


nessed an increasing interest in the optical rotatory power, both theoretically and experi- 
mentally. With the availability of commercial spectropolarimeters, the optical rota- 
tory dispersion studies have experienced a 1 birth, and have already yielded many 


fruitful findings as a result new development On the one hand, th nique has 


been extensively applied to the structural stud of organic compounds, as e' idenced 


by the beautiful work of Djerassi ef a/.* al importance are the apy lications of 
optical rotatory dispersion to U ud lypeptid nd te iformations. It 
is at the latter aspect that n r Wi aimed ady the vast interest in 
this field has resulted in the ay aran several e lent rev ihe nonograph 
on syntl lypeptides has also be | ed ich descril n detail the work of 
the English school.’ he a taking into consideration tl nits of time and 


space imposed upon 1 


it necessary to describe 


this symposium. Rather. we will limit our brief review [ rly work, 
which |, myself, had tl 7 ortune t bserv losely n ler proposals 


and 
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generally restricted to the range of —80 to 120° for what appear to be completely 


denaturated forms. These facts strongly suggest that some structural elements exist in 


the native proteins, and the denaturation process involves a conformational change that 


is common to almost all proteins These structural elements must be optically active, 


and contribute to the specific rotations ol the native proteins, and the final values upon 
complete denaturation probably represent the average residue rotations of proteins. 
Our first thoughts would naturally turn to Pauling and Corey’s® «-helix and suggest it 


as one of the structural elements which ts optically active. To account for the rotation 


behavior of proteins, the [x],, contributions due to this backbone must be opposite in 
sign and superimposed on the intrinsic negative [x], values of the amino acid residues. 
(Collagen, which cannot form the «-helix, is an exception to this rule and will therefore 


not be further discussed in this paper.) This idea was first formally put forward by 
Cohen in 1955.° It was this idea rather than later theories which prompted us to investi- 
gate the optical rotatory dispersion of polypeptides and proteins. From the beginning 
it was realized that the mere measurements of specific rotations at any particular wave 


length would not provide a quantitative test for the foregoing hypothesis and a more 
convincing proof would have to come from the optical rotatory dispersions 
Drude equation The most frequent representation of optical rotatory dispersion is 


the we 


l-known Drude equation 


(1) 


th of the i-th absorption band of the molecule and k. a constant 


where /. is the wave leng 


characteristic of tl -th band. In most cases, however, equation (1) can be approxi- 


mated by a simple one-term Drude equation™ 


[x], — 22) (2) 
provided that (/4.* A *) (A- /*) Our first thought was that the dispersion 
data of the «-helical polypeptides and native proteins can be fitted with a complex two- 
term Drude equation” 


one of which represents the contributions due to th 


tions. Furthermore, since k, and k, must be opposite 


e helical backbone and the other 


due to the intrinsic residue rota 
in sign, an anomalous dispersion might be anticipated if {k, k,| and A, Ay. It 


was even speculated that native proteins are made up of partial helices and partial non- 

helices with the result that the dispersion data obey a pseudo-simple Drude equation. 

Thus it was indeed gratifying to find that all these expectations were confirmed experi- 


mentally, although the use of equation ( 3) was discarded in view of the later theoretical 


developments 


lic compounds.’ 


Acc y bx omplex dis ons been called “plain” curves. Th utter 
ter cc dequate to npnasize the anomaiou dehavior ol ca polypeptides 
(see I 1). Until a uniform terminolog devised and accepted by both organic and protein chemists, 


To avoid future confusion we have now used the symbol A, for the dispersion constant in the one-term 


Drude equation, as distinguished from the symbol /, for the complex dispersion shown in equation (4). 


“a 
4 
4 
q 
[x] 
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a * L. Pauling and R. B. Corey, J. Amer. Chem. Soc. 72, 5349 (1950); L. Pauling, R. B. Corey and H. R. eas S 
Brans« , Pro Nat {ca 37, 205 (1951) 
P. Drude, Lehrbuch der Optik (2nd Ed.) Hirzel, Leipzig (1906) 
For an excellent review sec so. J. A. Schellman, Compt. Rend. Tra Lab. Carlsbere, Sér. Chim. 363 
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Synthetic polypeptides 

Early experimental work. To test the foregoing hypothesis we undertook a detailed 
study of the optical rotatory dispersion of poly-y-benzyl-L-glutamate (PBLG), which 
was the only synthetic polypeptide available to us at that time. The results are repro- 
duced in Fig. 1." Earlier, Doty et a/."* demonstrated convincingly that this polypep- 
tide can exist in either a helical or randomly coiled conformation in solution. Invari- 
ably we found that the z-helical forms exhibited anomalous dispersion whereas that of 
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Fic. 1 Optical rotatory dispersion ol pol y benzyl-! glut< imate (Mw 130.000) if several 


solvents at 20°¢ 


the coiled forms was always simple. These findings indicated clearly that the differ- 


ences in rotation behavior were due in large part to the contributions of the structural 
elements in full agreement with our earlier expectations. Similar conclusions were also 
reached for poly--,! -glutamic acid (PLGA) the conformation of which can be con- 
verted into either form simply by adjusting its pH in aqueous solutions (Fig. 2). 
Theories. While this work was in progress theoretical developments of the «-helical 
optical rotation were also under way. Fitts and Kirkwood’® applied Kirkwood’s 
earlier polarizability theory’ to the problem of calculating the contribution of an - 
helix to the specific rotation [«],, of a polypeptide. They subsequently found” that the 


13) T. Yang and P. Doty, J. Amer. Chem. Soc. 79, 761 (1957) 

14 P. Doty, A. M. Holtzer, J. H. Bradbury and E. R. Blout, J. Amer. Chem. Soc. 76, 4493 (1954); P. Doty, 
J. H. Bradbury and A. M. Holtzer, /bid. 78, 947 (1956) 

15 P. Doty. A. Wada. J. T. Yang and E. R. Blout, J. Polymer Sci. 23, 851 (1957). 

16 PD. D. Fitts and J. G. Kirkwood, Proc. Natl. Acad. Sci. 42, 33 (1946) 

17}. G. Kirkwood, J. Chem. Phys. 5, 479 (1937 

18 P. D. Fitts and J. G. Kirkwood, J. Amer. Chem. Soc. 78, 2650 (1956). 
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calculated [x],, due to the helical core agreed very well with the experimental difference 
in [x],, between the helical and coiled forms from our first published data on PBLG.” 
This agreement, however, proved fortuitous since later results showed a moderate 
solvent effect on the helical form but a pronounced one on the coiled form. 
Independently Moffit® also developed a theory of optical rotation using a quantum 
mechanical treatment. He was able to express the specific rotation of the helices in two 
terms 
by 


M, 3 
100 2 (A* 


[m'] 


where M, is the molecular weight per residue, n is the refractive index of the solvent, 


and ay, b, and /, are three constants. By multiplying both sides of equation (4) with 


4 


4 
7900 


34.000) in 0-2 M Nat 


it 20°¢ 


(22 — 1,2) and by plotting — [m’], against 1/(4* — /,*) with as a parameter, 
one obtains a straight line if a correct A, value is chosen. Moffit’s equation immediately 
found a great success in its application to the experimental data on PBLG and PLGA 
under various conditions.” This prompted him to make more theoretical calculations 
which gave by, 580 and /, = 0-200 uw for a right-handed «-helix,™* as compared 
with the experimental values of by 630 and A, = 0-212 4. Fitts and Kirkwood"’, 
however, have stated that the same type of dispersion as Moffitt’s can be obtained from 
their theory, but their proposal leads to the second term in equation (4) having a 
1° P. Doty and J. T. Yang, J. Amer. Chem. Soc. 78, 498 (1956) 
W. Moffitt, J. Chem. Ph 25, 467 (1956) 


21 W. Moffitt and J. T. Yang, Proc. Natl. Acad. Sci. 42, 596 (1956). 
22 W. Moffitt, Proc. Natl. Acad. Sci. 42, 736 (1956). 
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positive sign, instead of a negative by value, although both theories have predicted a 
right-handed «-helix for the polypeptide. It seems unnecessary to repeat in detail the 
story of these early developments although at that time it was somewhat embarrassing 
to us, since both workers had used our experimental data to support their theories, and 
Moffitt was gracious enough to insist on my being a joint author in one of his papers. 
Fortunately this friendly controversy came to a happy ending with the publication of a 
joint paper by the three theoreticians.” On the other hand, equation (4) became less 
attractive than when first proposed, since an error was found in Moffitt’s earlier theory 
which nullified the numerical agreement between his equation and the experimental 
data. Neither can we now predict the screw sense of the helices as mentioned pre- 
viously. It becomes clear that equation (4) is oversimplified and a rigorous treatment 
of this problem requires the introduction of additional trms. Fitts and Kirkwood™ 
have evaluated these terms and found an impressive agreement with Doty and Lund- 
berg’s data on the rotatory dispersion of helical backbone.*” However, it is difficult to 
judge whether the agreement is again fortuitous, since numerically large terms of oppo- 
site sign are involved in the calculations. Very recently I inoco** has made a more refined 
treatment of the problem which has been discussed by him in this symposium (p. 134). 

For practical purposes equation (4) should be regarded as an emprical equation, 
but a very useful one for characterizing the rotatory dispersion of helical polypeptides, 
especially since the refined theoretical treatments are not easy to apply. It may also be 
said that an alternative phenomenological equation in a form identical to equation (4) 
can be obtained by expanding equation (1) in inverse powers of (2? — /,”).2* Kauzmann® 
and Schellman and Schellman*’ have also pointed out that such an equation can be 
derived in other ways. In fact one may argue that the fit of equation (4) does not neces- 
sarily mean the presence of an a-helix. For instance, even simple amino acids can show 
anomalous dispersion if powerful chromophores are present. However, the origin of 
the rotatory dispersion by helices appeared to have been satisfactorily established by 
the various theoretical treatments. 

To look back, we have indeed witnessed a most exciting dev elopment in the field of 
optical rotatory dispersion during the past five years. As we are gathered here today to 
review the progress, we are saddened by the untimely loss of two great scientists. It 
was a doubly black event when both Professors Kirkwood and Moffitt passed away 
within one year. And it is most appropriate that this symposium is dedicated to both 
of them. Needless to say, their contributions in this field have already opened up a 
new attack on this complicated problem and their work will be remembered for years 
to come. 

Optical rotations at shorter wave lengths. In the application of equation (4) to the 


polypeptides, questions may be raised as to the nature of the absorption bands which 


are responsible for the anomalous dispersion. The origin of the complex dispersion 
may even be suspected to be due to the contribution of the broad band near 2600 A of 
the chromophoric side chains such as the benzyl group in PBLG and that of the com- 
plex excitation band of the backbone helix at about 2000 A. This ambiguity can be 
discounted by the fact that the «-helical PLGA w hich contains no aromatic groups also 


23 W. Moffitt. D. D. Fitts and J. G. Kirkwood, Proc. Natl. Acad. Sci. 43, 723 (1957) 
4D. D. Fitts and J. G. Kirkwood, Proc. Natl. Acad. Sci. 43, 1046 (1957) 

25 P. Doty and R. D. Lundberg, Proc. Natl. Acad. Sci. 43, 213 (1957). 

261. Tinoco, Jr. and R. W. Woody, J. Chem. Phys. 32, 461 (1960) 


27 C. Schellman and J. A. Schellman, Compt. Rend. Trav. Lab. Carlsberg, Sér. Chim. 30, 463 (1958). 
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exhibited the same complex dispersion.” Additional evidence comes from the disper- 
sion measurements in the vicinity of the bands in question. For PBLG in ethylene 
dichloride only a slight deviation from the values based on equation (4) was observed 
in the range 2480 to 3130 4 13,28 Jn fact all the data could be linearized™ by assigning 
to J, a value of 0-208 « instead of 0-212 4. Also Dr. Blout has reported in this sym- 
posium (p. 123) no deviation at all for PBLG in chloroform. At any rate, no one has 


observed a Cotton effect near the chromophoric band of, say, the benzyl group. 


Next. let us consider the choice between equation (4) and a two-term Drude equa- 


tion. Asa matter of fact, PBLG in ethylene dichloride (ED( ) could also be fitted with 


equation (3), using k 13-9, k, 8-0, A, = O and A, = 0-282 w. Previously the 
use of Moffitt’s equation was preferred because of its theoretical basis and also because 
he simplicity of its graphical method iould also be added that the manual 
nultaneous equations for the two-term Drude equation (1) Is 
not unique. If three of the constants are arbitrarily specified it is not difficult to 
the fourth constant and fit them with the existing experimental data over the 
th range employed. On the other hand, since equation (4) is now considered 
is no reason why one cannot include the higher terms of the power 
,.2) although the introduction of more constants makes it rather im- 
ltoapply. Thisd liculty may be disposed of by a computing program, but we 
must still decide whether much can be gained through this modification 


212 uw also deserves further consideration. Our early work covered 


The 4, value of O 
leneth range of 3500 to 7500 A and the readings near the lower end of the scale 
equently obtained by using a wide slit on the monochromator and thereby 
introducing some errors due to impurity of the wave bands chosen. Nevertheless, it 
has been shown that the graphic solution of equation (4) was extremely sensitive to the 
chosen parameter /,.*"_ Now with a better light source it is possible to make measure- 


ments below 3500 A. As has already been mentioned, Doty and Savitz have founda 


j,, value about two per cent lower than 0-212 yu With this new value slight deviations 
from the straight line of the dispersion plot [equation (4)] should be expected for our 
early data near and about 3500 A. It is important to note that such small deviations 
frequently escape detection in a graphic solution A more reliable test will be to calcu- 
late the specific rotations according to equation (4) using the chosen /, value and com- 
pare them with the exper imental data. Onlv in this way can one determine the extent of 
anv deviations. Suffice it to say that the 2, value should be more carefully examined 
with the accumulation of new data. Neither should one be led to think that the 4, 
value for one polypeptide will automatically be applicable to all other polypeptides, 
unless careful analyses of all existing experimental data so indicate. The question of 
whether equation (4) should be modified by including high terms of the power series or 
merely by using a new /, value to cover the entire range of wave lengths of 7500 to 
below 2500 A must first be clarified by re-examining the experimental data of various 
polypeptides. Until this is done we will continue to use equation (4) with A, set at 
0-212 « in our discussion because of its simplicity and also its successful applications 
to our existing data on polypeptides. In this respect it is also interesting to note that 
the PBLG in its randomly coiled form obeys a one-term Drude equation with a /, 
value of 0-212 ~. The equivalence of A, and /, values in equation (4) makes it extremely 


simple in the estimation of helical content as will be shown in a later section. 


P. Doty and D. Savitz, unpublished work.” 


7 
3 
: 
f 


Polypeptides and proteins 149 


Side group interactions. In the theoretical treatment no allowance has been made 
for the interactions between side chains and helical backbone. It soon became appa- 


poly-L- 


rent, however, that while some helical polypeptides such as poly-L-leucine,” 
alanine,” 


glutamic acid, others such as poly-1 -tyrosine,* poly- }-benzyl-! aspartic acid™ and 


and poly-z.L-lysine*' did have the same b, and /, values as the poly-«.L- 


poly-y-benzyl-L-histidine*® seemed to behave “abnormally”. With the exception of 
poly-y-benzyl-L-histidine all the dispersion data could also be fitted with equation (4) 
with /, set at 2120 A, but the b 


from —600 to — 600. We are thus confronted with this question: Does this change in 


values varied not only in magnitude but also in sign 


values reflect the difference in helical screw senses or in 


sign and magnitude of the by 
conformations, or simply the contributions due to side group interactions? The first 
two possibilities seemed to be ruled out at least in the case of poly-L-tyrosine. On the 
basis of rotation studies coupled with other physical measurements, Coombes et al.** 


concluded that this polypeptide existed as helices near its solubility limit. | rom copoly- 


merization studies these authors also eliminated tl 


1¢ possibility of mixed helices. This 
left only the third possibility, i.e. the side group interactions. Very likely the prox- 
imity of such residues as tyrosine to the peptide bond causes close coupling between the 
two chomophores. The imposition of a second helical frame of the chromophoric 
groups on the helical backbone results in new pair-wise interactions which significantly 
modify the dispersion behavior 

Very recently Schellman and Schellman?’ have discussed in detail the effect of /- 
substituent on the optical rotations of amino acids (see also this symposium, p. 176), 
and Blout* has further classified the polypeptides into three classes. In Group I an 
optically inactive saturated hydrocarbon group is attached to the p-carbon of the 
amino acid residue, for example, glutamic acid. In Group II, the -carbon substituent 
isany group other than —CH,—., such as tyrosine, aspartic acid and histidine. Proline, 
hydroxyproline and their derivatives belong to Group Il, which is actually a subdivi- 
sion of Group II. These two amino acids are more appropriately called imino acids. 
The proline-containing polypeptides can not form an «-helical conformation due to 
the absence of the —-CO - - - HN— type hydrogen bonds and therefore are considered 
in aseparate group. This group Is an interesting subject in itself, but we will not further 
elaborate on it in this paper. It is significant to note that all Group II polypeptides 
have strong side chain interactions and their dispersion behavior is strikingly different 
from that of Group I. For a co-polymer of Groups I and II, Blout e¢ a/.*° have found 
that the Group I component is the dominating factor. This conclusion is most impor- 
tant in the interpretation of the optical rotations of proteins, as will become clear in a 
later section. 

The screw sense of the helix. An -helix can have two senses of twist. The right- 
and left-handed polypeptide helices are non-superimposable and, with the exception 


of polyglycine, they are not even the mirror images of each other. Thus, two problems 


29 A R. Downie. A. Elliott. W. E. Hanby and B. R. Malcolm, Proc. Roy. Soc. A 242, 325 (1957) 

3° A. Elliott. W. E. Hanby and B. R. Malcolm, Nature, Lond. 180, 1340 (1957) 

81 J. Applequist, PhD. Dissertation, Harvard University (1958); J. Applequist and P. Doty, Ads 
Chem. Soc. Meeting, San Francisco, April (1958) 

32 A. R. Downie. A. Elliott and W. E. Hanby, Nature, Lond. 183, 110 (1959) 

3 J. D. Coombes, E. Katchalski and P. Doty, Nature, Lond. 185, 534 (1960). 

“ E.R. Blout and R. H. Karlson, J. Amer. Chem. Soc. 80, 1259 (1958) 

%5 FE. Katchalski, G. D. Fasman and E. R. Blout, Abstr. Amer. Chem. Soc. Meeting, San Francisco, April 
(1958) 

% R. H. Karlson, K. S. Norland, J. D. Fasman and E. R. Blout, J. Amer. Chem. Soc. 82, 2268 (1960). 
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immediately follow: Does the polypeptide helix prefer only one screw sense over the 
other, and if so, which direction is predominant? The first question has been discus- 
sed in detail by Dr. Blout at this symposium (p. 123). Thus our brief review will again 
be limited to some of the early work. The first evidence which supported the one- 
handedness came from the specific rotation measurements of copolymers of the D- 


and L-isomers of »-benzylglutamates*’ and leucines.” The results of poly-y-benzyl- 


glutamates are illustrated in Fig. 3. As the ratio of p/(p L) increased from zero to 


0-5. the [x]. valu f th iled form (in dichloroacetic acid) changed proportionately 
toward zero as expected ie behavior the helical form (in dioxane) was strikingly 
se LO More positive values first and then 

decreased toward zer n arly implhic that the helical polypeptide retained one 
portions of D-isomers. As a result the 

D- (positive [x],,) isomers, but not the 

When, however, the L/(p L) ratio 

ger of one screw sense. In fact their conforma- 

tion gradually became unstable. as evidenced by the shift of the helix-coil transition 
70n wari ve left in the figure. With these encouraging results, Doty and Lund- 
berg™ made a series of co-polymers by initiating a mixture of D- and L-anhydrides with 
poly-y-benzyl-L-glutamate in a helix-promoting solvent. By linear extrapolation of the 


date at L/(D L) ratios above 0-7 they found that the rotatory dispersion of the true 


77 F R. Blout. P. Doty and J. T. Yang, J. Amer. Chem. Soc. 79, 749 (1957) 
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helix fitted very well with equation (4) having by 500 if A, was again set at 0-212 y, 
and the corresponding [«],, value of the helical backbone turned out to be + 54°, 
which, if converted to a mean protein residue weight of 110, became 108°. The same 
authors have further shown by kinetic studies® that the helix of, say, L-polypeptide 
would be interrupted and changed into the opposite sense of twist only when as many as 
four residues of D isomers were added in sequence. This probability appears, however, 
to be remote in the co-polymerization study when the L/(D L) ratio was greater than 
0-7. Thus it seems highly probable that the helices do exist only in one-handedness. 

Having disposed of one difficulty, we now turn to the second question concerning 
the choice between a right- and left-handed helix. Unfortunately this problem is still 
unsettled, but an excellent review has been given by Dr. Tinoco at this symposium 
(p. 134). Our early work” assumed that the helix was probably right-handed. 
This choice was based purely on Moffitt’s theory** which, as we know now, can not 
give us an unequivocal answer. Fitts and Kirkwood™, however, basing their conclusion 
on the data of Doty and Lundberg”, decided that the choice of a right-handed helix 
was probably correct. On the other hand, Tinoco’s recent theory” again seems to prefer 
a left-handed helix. It is of interest to note that, quite unaware of the later rotation 
work, Huggins” has predicted from theoretical calculations that a right-handed helix 
is a more stable conformation than a left-handed one. From their X-ray study, 
Arndt and Riley” have indicated that a left-handed helix seemed to predominate in 
several globular proteins, although their calculations might be inconclusive. A more 


concrete answer may eventually come from the beautiful X-ray work on myoglobin by 


Kendrew ef al using Perutz’s “isomorphous replacement method”’.” 
information™ appears to show conclusively that the helical regions of this protein 
indeed right-handed. If the work on hemoglobin by Perutz and his co-workers s 
reach the same conclusion, we shall then be able to say with more confidence 

teins indeed seem to prefer a right-handed sense of twist, althougl 


mixed helices can not be ruled out completely as a result of the restriction 


structures. In this respect it 1s of interest to recall that the change in spec 


accompanying denaturation is almost always in 


which would be difficult to explain if helices of 


one secerey 
certain proteins and those of opposing twist prev: 
observation are indeed rare and might even be 

formation. A notable example is collagen ' 

native state as a result of a polyproline type 


sense opposite to those observed in «-helical polypeptides 


Estimation of the helical content in proteins 


It has been found that the optical rotatory dispersions of almost all proteins, both 


it Hy ed ty added prot sce two recent papers 
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Nature, Lond. 185, 416 (1960) drew, R. E. Dickerson, Strandberg, R. G. Hart, D. R. 
Davies, D. C. Phillips and V. C. Shore, /bid. 185, 422 (1960) 
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Kendrew. /hid. 182, 764 (1958): M. M. Bluhm, G. Bodo, H. M. Dintz ind J. C. Kendrew, 
a4 Roy. Soc. A 246, 369 (1°58) 
nd M. F. Perutz. R 4 225. 287 (1954) 
43 


Jen Tst YANG 


152 


native and denatured, invariably obey a simple Drude equation. If the x-helix is a 
basic structural element in proteins, it is surprising that they show different dispersion 


behavior from that of the helical forms of synthetic polypeptides. To reconcile this 


apparent contradiction and in the absence of competing proposals we have set forth a 


working hypothesis™ that (1) only a portion of the polypeptide chains of native pro- 


teins are folded into a helical conformation: (2) this structural element is essentially 


Pauling and Corey's z-helix as found in synthetic polypeptides and probably has the 
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| 
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mily coiled forms 


s drawn through 


same screw sense as that of the L-polypeptides; and (3) the nonhelical portions are 


irregular in the sense that their contributions to the optical rotation may be effectively 


the same as if they were random coils. (This irregularity, however, does not imply that 


the nonhelical polypeptide chains must be randomly coiled. In fact they may be just 


i the helices, but their patterns are non-periodical ) On the basis of the dis- 


as TIZiG as t 


persion data of poly-x,t-glutamic acid in aqueous solutions, the dispersion curves of a 


series of hypothetical mixtures having both the helical (at pH 4-7) and coiled (at pH 


6-6) forms were constructed. The results are shown in Fig. 4, where A*[x], is plotted 


against [x], rather than the customary | /[=] /* plot’-“ This simple representation 


could satisfactorily explain all the existing phenomena of the optical rotations of pro- 


teins in aqueous solutions. First, with normal experime ntal accuracy, the dispersion of 


the partial helices is indistinguishable from the simple Drude type unless more than 40 


to 50 per cent of the polypeptide chains are in the helical form. Secondly, in the range 


where the dispersion remains apparently simple the dispersion constant /, in equation 


(2) increases steadily from 0-212 u to 0-268 wu as the helical content varies from zero to 


40 per cent (ignoring the small deviation present in the latter case). This is in good 


agreement with the observation of Linderstrom-Lang and Schellman® that the A 


values of native proteins decreased upon denaturation. Thirdly, the [z],, values become 


“ More recently Heller has also treated the Drude equation having more than one term. Sce W. Heller, 
J. Phys. Chem. 62, 1569 (1958) 
“5 K. Linderstrom-Lang and J. A. Schellman, Biochim. et Biophys. Acta 15, 156 (1954); J. A. Schellman and 
, vs. 68, 319 (1957) 
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less levorotatory as the fraction of helical form increases, which again is a well recog- 
nized fact for native and denatured proteins. On the strength of these findings we 
proceeded to make a semiquantitative estimation of the helical content of several 
common proteins by comparing either the A, or [«],, of these proteins in aqueous solu- 
tions with the calibration curve as furnished in Fig. 4 (after the correction of [«],, due 
to the difference in the average residue weight of the proteins [assuming 110] and that 
of the PLGA [129]). The [«],, method is straightforward. By establishing the average 
specific rotations of about 110° for the denatured protein and 5° for the pure 


helix, one finds that 


per cent helical content 100 (110 {a],)/115 


It must be kept in mind that this scale of 115 units is subject to variation of as much as 

20°. If the [«],, values for the completely denatured protein is known in a special 
case, the above formula would be accordingly modified. The 7, method can empirically 
be deduced from the data in Fig. 4. An approximately linear plot of 4, versus the per 


cent helical content yielded a slope of about 0-0014. Thus 

per cent helical content 100 (/ 0-212)/0-14 
Alternately, Doty*® has derived the following relationship 

per cent helical content 100 (4.2 — 0-045)/0-055 


It is noted from Fig. 4 that the /, scale only runs as high as about 40 to 50 per cent 
since higher helical contents should give rise to anomalous dispersion in w hich case /, 
is no longer defined. Nevertheless, with actual experimental data, one could miss a 
small curvature in a 2?{«],—[x], plot and thereby obtain a /, value which corresponds 
to a helical content higher than 50 per cent. In such cases a rough estimate can still 


be made with due reservations. Dr. Jirgensons has indicated in this symposium (p. 166) 


that most denatured proteins show a /, value in the range of 0-215 to 0-220 uw. Thus, 
for proteins which behave according to our working hypothesis, the 4, method seems 
to be able to provide a reasonable estimate of the helical contents. 

Very recently Imahori et al.” ‘7 have further refined the treatment by incorporating 


equation (2) into equation (4). which becomes 


+ 

[m F [x] {ay ay x PET a 


Here a,"*A,2/(7? 
and the remaining terms on the right side of equation (5) are simply Moffitt’s dispersion 
0-212 uw and plotting (A? — A,*)[m’],//,° against 


j,2) represents the contributions due to the intrinsic residue rotation 


equation for the «-helix. By using ia 
a,) and b, graphically. Further, by 


4,2/(72 — 2,7) one can easily determine (a9 
determining a," from separate measurements on the randomly coiled form one can 


calculate the a," from the difference between (a,™ a.) and a,™. On the basis of the 
data of PLGA in aqueous solutions, Doty er a/. have found that ay! = 650, and 
by 630 as already mentioned. There is reason to believe from the available data 


on polypeptides that these values may have an uncertainty of no more than +10 per 
cent. Thus we have two more methods for determining the helical contents of proteins. 


46 P| Doty, Advanc. Protein Chem. In press. 
‘7 K. Imahori, E. Klemperer and P. Doty, Abstr. Amer. Chem. Soc. Meeting, Miami, April (1957). 
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This is done by comparing the experimental ay" and by values of proteins with the 


theoretical ones, that is,™ 
per cent helical content 100a,""/650 
or 100 b,/630 


noting that the a, values of proteins can be estimated from their completely denatured 
forms. It is pertinent to note that a,™ is strongly solvent-dependent. Thus these 
methods can hold only when the environment in the randomly coiled form closely 
matches that in the helix. The same rule is also applicable to the [x], and 4, methods. 


This condition is approximately met when both native and denatured proteins are 


studied in aqueous solutions. Finally we may also mention a recent observation 


TABLE | LI CONTENTS OF VARIOUS PROTEINS IN WATER™ 


100 63 100% 110) 115* 0-045) 0-0551 


14 


natured protein, 


by Blout and Stryer™ that cationic dyes and helical polyglutamic acids interacted 
and showed the Cotton effect in the dispersion measurements. Dr. Blout has also 
suggested in this symposium (p. 123) that the dependence of the observed circular 
dichroism on the helical content may be developed into another useful method for the 
estimate of the helical content of proteins. All of the four methods mentioned earlier 
have been applied to a number of proteins in aqueous solutions and the results are 
shown in Table 1. The good agreement among the four methods was indeed 
more than expected in view of the many assumptions involved, although it 
should also be pointed out that not all the four methods are entirely independent. 
Exceptions would certainly be found as more optical rotatory properties of 
proteins are studied. Indeed, Jirgensons™ has recently proposed to classify proteins 
into three groups (see, also, this symposium, p. 166). Most proteins show a decrease 
in A, upon denaturation, which agrees with the prediction of our proposal. A second 
group includes those proteins the A, values of which vary little and the third group 
actually shows a rise in 2, upon denaturation. | vidently these observations demon- 
strate the complexity of the problem and the oversimplification of our working 
hypothesis. 

48 ©. Cohen and A. Szent-Gyérgyi have also pointed out that b, can be used as a measure of helical content 

See J. Amer. Chem. S 79, 248 (1957) 


R. Blout and L. Stryer, Pr Natl. Acad. Sci. 45, 1591 (1959) 
und L. Straumanis, Arch. Biochem. Biophys. 68, 319 (1957); B. Jirgensons, Jbid. 71, 148 


isons and 


74, 57, 70 (1958); Jbid. 78, 227, 235 (1958); Ibid. 8S, 89, 632 (1959). 
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A discussion of some of the assumptions of our proposal seems in order. First 
the optical rotations of both the helical backbone and residues are postulated to be 
additive as if they were two distinct entities and each contribution were unaffected by 
the presence of the other. Strictly speaking, this can not be true on theoretical grounds 
since one is neglecting the contributions due to the interaction among side chains and 
also between side chains and helix. In fact these interactions can be quite large if 
the side chains and peptide groups are in close proximity. However, some cancellation 
would be expected in the case of most proteins because of the diversity of residues 
and the resultant effect might well be secondary to the total rotation. Secondly, the 
non-helical regions of the proteins must be arranged in such an irregular, non- 
periodical manner that their contributions to the optical rotation are effectively 
considered to be the same as those of the random coils, although they need not 
have the same flexibility as the latter. This again is debatable since the intrinsic 
residue rotations even of the coils are known to vary with their degrees of 
flexibility. In this sense the estimation of the helical content from the dispersion 
data rather than [x], or 4, alone might be more reliable, since both a, and by, of 
the helices are presumably less affected by the flexibility of the non-helical portions. 
(However, the a," value cannot be accurately determined if the a, value is uncertain.) 
Thirdly, our calculations assume that the helices have but one screw sense, probably 
right-handed. Conceivably, a mixture of equal amounts of right- and left-handed 
helices, if present, would approximately cancel out the helical rotations and exhibit a 
dispersion behavior similar to that of a random coil. The total rotation then measures 
the net excess of the dominant form plus the intrinsic residues, which clearly would 
result in an underestimate of the helical content. Although such mixed helices have 
not been observed in synthetic polypeptides, the possibility of their existence in pro- 
teins cannot be ruled out. A case in point is the A-chain of insulin which can not be 
completely folded into a one-handed helix due to the constraints of an intrachain disul- 
fide bond.*!.5* Fourthly, the calibration curve was based on one synthetic polypeptide. 
The “abnormal” behavior of the Group II polypeptides would naturally pose a 
serious question about the validity of our proposal as applied to proteins in general. 
However. as mentioned earlier, it is doubtful that many of these residues would be 
localized extensively in a sequential array similar to that in a synthetic polypeptide and 
the possibility for them to form an excitation band of their own seems rather remote. 
Because of the diversity of these residues our values of ay", by and A, may very probably 
approximate the average values for most proteins. Fifthly, the calibration curve for a 
high molecular weight polypeptide may not be directly applicable to very short 
helical chains. However, the recent work by Zimm ef al.®8 has indicated that the optical 
rotation per unit length of helix appears to be essentially independent of length for any 
such helix with more than one turn, thus apparently disposing of this possible difficulty 
in the interpretation of the helicl content. Finally, the most serious assumption seems 
to be the neglect of the structural elements other than «-helix which may exist in pro- 
teins. For example, it is not unlikely that some regions of the protein molecule may be 
arranged in one of the /-structures, the contribution of which would by no means 
simulate that of the random coils. At present very little is known about these structural 


51 H. Lindley and R. S. Rollett, Biochem. et Biophys. Acta 18, 183 (1955). 

52 B. W. Low, in Currents in Biochemical Research (1 dited by D. E. Green) p. 422. Interscience, New 
York (1956) 

‘3B. H. Zimm, P. Doty and K. Iso, Proc Natl. Acad. Sci. 45, 1601 (1959). 
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elements (see, however, the section on the intermolecular-hydrogen bonded form). 
In spite of all these reservations we feel confident, however, that our working hypo- 
thesis offers a semiquantitative estimate of the helical content in proteins. Our results 


seem also to confirm the existence of ¥-helical regions In native proteins Of course one 


can always argu _ ns may contain other helical structures such as Pauling and 


ow’s a-helix™ or even other more complicated structures which 

avorable than the lix. We should nevertheless 

antag re t the ex rk nowledge at our disposal. 

entirely dierent conclusion about the 

x is a predominant, though by no 

means unique, > teins t th Se tage our proposal may sharpen our 
as a framework of reference for at 

he characterization of size and shape of 

ation of physical methods, so does the study of 

s always dangerous to rely on a single technique. 

velopment of independent methods, which combined 

Stimate ol the helical con- 

n-hydrogen exchange rates of 

proteins might be one answ alt] gh the estimates may be too high because of the 
possible presence I1roge nd mons le chains Ihe identification of an 
infrared band at 16: n \ the non-helical residues by Doty and Imahori”® may 
offer anoth nate of tl lical ‘nt, although much work still has to be done 
along this line 0 ic a | pr tcin Mol ule are, We should nevertheless not 
be too pessimistic about using optical rotatory dispersion. Numerous exceptions will 
no doubt be found as mot perimental data are piled up. But with these new find- 
ings perhay me mo ations and improvements of our proposal It 
is not inconceivable that as a resul f future developments a better proposal will 


come forward 


is subject has already been reviewed recently®*" 

lin a forthcoming paper.® Suffice 

it to say, the hel tri tion of polypeptides in solutions has been observed both as 
a function of solven position and temperature. In our first experiment the specific 
rotations of a hich m ula ght poly-y-benzyl-L-glutamate (PBLG) were examined 
in the mixtures of ethylene dichloride (EDC) and dichloroacetic acid (DCA). The 
results as shown in Fig. 5 clearly demonstrate a first order transition in the vicinity of 
76 volume per cent dichloroacetic acid, a coil-promoting solvent. (The small change 
upon the first addition of DCA was believed to be due to a change in the mean orien- 
tation of the benzyl glutamate groups relative to the helix core.) Such a sharp, rever- 


sible transition was also observed in other pairs of “helical” and “coiled” solvents. It 
‘ w and R. B. Baybutt ” c. 74, 5806 (1952): B. W. Low and H. J. Grenville-Wells 


Rend. Trav. Lab. Carisbere, Sér 
Jhid. 29, 385 (1955): K. Linderstrom-Lang, 
cal Society, London (1955) 
inpud ed work 
A. Scheraga, An Phys. Chem. 10, 191 (1959) 
. Doty and J. T ang, Manuscript in preparation.™.“ 
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could even be brought about by adding a non-solvent to DCA; for example, it took 
only about 3-4 volume per cent water to convert the coiled form into the «-helix and 
with more than 10 volume per cent water the polypeptide began to precipitate.** 
These rotation results were also fully supported by hydrodynamic measuremens such 
as intrinsic viscosity and flow birefringence. 

Next, by studying the temperature dependence of the specific rotations at the center 
of the transition in Fig. 5, the coiled form was found to transform into the «-helical 


conformation over a relatively narrow temperature range for the high molecular weight 


4. i 


60 80 


snt, dichloroacetic acid 


350.000) in 


sample (Fig. 6) However, as would be expected, the sharpness of this helix-coil transi- 


tion was dependent on the molecular weight and molecular weight distribution. Of 


more interest was the fact that the helical conformation in this case was the stable 
form at higher temperatures, which was just the opposite of what has been observed 
with proteins. This transition was more strikingly demonstrated with the dispersion 
behavior (Fig. 7) which was normal for the randomly coiled conformation and 
anomalous for the helix in full agreement with the earlier conclusions. The reasons for 
the “unnatural” helix-coil transition have already been explained from thermodynamic 
considerations.” In passing it can be mentioned that after Schellman’s thermody- 
namic treatment®® of the stability of «-helices several elegant statistical mechanical 
theories have recently been developed and applied to the same problem, all of 
which are in full support of our findings. | xperimentally, a decrease of 11° in the 
J A. Schellman. Compt. Rend. Trav. Lab. Carlsberg, Sér. Chim. 29, 223, 230 (1955). 

«°° B. H. Zimm and J. K. Bragg, J. Chem. Phys. 28, 1246 (1958); 31, 526 (1959) 

61 J. H. Gibbs and E. A. DiMarzio, J. Chem. Phys. 28, 1247 (1958); 30, 271 (1959), 

62S A Rice. A. Wada and E. P. Geiduschek, Disc. Faraday Soc. 25, 130 (1958) 


“3 T. L. Hill, J. Chem. Phys. 30, 383 (1959) 
*4 1. Peller, J. Phys. Chem. 63, 1194 (1959) 
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transition temperature as shown in Fig. 5 has also been reported when both the poly- 
peptide and solvents were deuterated, although the magnitude and direction of this 
shift can not be predicted from a priori considerations as it depends upon the relative 
strengths of the various types of hydrogen bonds. 

Following the PBLG work, we then proceeded to study the helical stability of 
poly-x, L-glutamic acid (PLGA) in aqueous solutions, where pH and ionic strength 
become the important factors because of the repulsive forces arising from the ionized 
carboxyl group. The specific rotations and intrinsic viscosities in Fig. 8 again demon- 


strate a reversible transition over a relatively narrow pH range. Evidence also comes 


from the rotatory dispersion behavior (Fig. 2) which clearly indicates that the helical 


conformation is the stable form at low pH, where the degree of ionization and thereby 


the electrostatic repulsion are sn all. The specific rotations of the coiled form at high 
led, and be- 


came less negative with higher ioni sngth.** It should be pointed out that in the 


pH were also found to be strongly depender n the amount of salts adc 


particular case of PLGA the unionized COOH groups at low pH might be hydrogen- 
bonded pairwise, thus contributing additional stability to the helical conformation. 
This perhaps also explained the unusual stability of the helical PLGA against the 
common denaturing agents such as urea and guanidine salts, which were found to 
shift the transition slightly toward the lower pH.” 

The temperature dependence of the specific rotations of PLGA (Fig. 9) was quite 
different from that of PBLG and resembled a typical protein denaturation, the coiled 
conformation being more stable with increasing temperature. The broadening of the 
helix-coil transition could be attributed to many factors among which were the broad 
molecular weight distribution, the decreased ionization of the carboxyl groups with 
increasing temperature, etc. However, even with these explanations it poses a serious 
problem when one considers the protein denaturation. From theoretical calculations, 
Zimm et al. have concluded that short helices show very broad transitions. It is 
therefore difficult to explain the sharp temperature dependence of the denaturation of 


*5 M. Calvin, J. Hermans, Jr. and H. A. Scheraga, J. Amer. Chem. Soc. 81, 5048 (1959), 
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proteins, since the helical regions in globular proteins must be quite short. These 
authors have suggested that the various helical regions of the protein molecule may be 
coupled in some way, thus sharpening the transition. It may even be possible that the 
tertiary structure (non-helical) of the native proteins is “frozen” in some way and under- 
goes transition simultaneously with the “melting” of the helices. 

Proteins. Having found that polypeptide conformation in solutions depends pri- 


marily on the hydrogen-bonding ability of the solvents used, we then thought to 


pH of 25°C 


0 2 M Nat 
increase the helical contents in proteins by turning to non-aqueous solvents. Since 
most of the helical solvents for the polypeptides do not dissolve the proteins, we adopted 
in our early work an alternative of dissolving the proteins in a “coiled” solvent such as 
DCA and then adding as much as possible of a “helical” solvent such as EDC. In 
this way we were able to bring about a “reverse denaturation” and raise the helical 
contents above those found in aqueous solutions under usual conditions. For example, 
silk fibroin which exists as 6-form in the solid state can be brought into the randomly 
coiled conformation in DCA and then converted into the predominantly helical con- 
formation with the introduction of EDC (Fig. 10). (The magnitude of the specific 
rotations was due simply to the high glycine content of this protein [44 mole per cent] 
with consequent lower average residue Ww eight than that of most proteins.) Additional 
evidence for this helix-coil transition also came from the dispersion measurements which 
indeed demonstrated a continuous change from the normal type for the coiled form into 
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the anomalous type for the helical conformation upon passing from DCA to 85 
volume per cent EDC (Fig. 11). 

The specific rotations of insulin as also shown in Fig. 10 appeared to display the 
same kind of helix-coil transition, although a full development of the helical conforma- 
tion in this case was not realized as evidenced by the negative rotations even in the 
vicinity of 100°, EDC. However, by performic acid oxidation and fractionation the 


25. 50 
VOLUME PERCENT 
CHCi2COOH 


dispersion behavior of th hain of insulin in dimet ormamide, a “helical solvent, 
| 

did closely resemble that of the synthetic polypept de. thus indicating that at least the 

B-chain can exist as x-helix having the same scre se as the polypeptide.’ Both 


silk fibroin and insulin showed a gradual transition, probably because of the effects of 


heterogeneity of composition on the unfolding process. In the case of insulin, the 
smaller chain lengths also tended further to broaden this transition 

Similar studies were also made on ribonuclease and bovine serum albumin’’® which 
again showed the same kind of transition and the helical development of which could 
somewhat be aided by breaking the intrachain disulfide linkages through performic 


acid oxidation. The results of the oxidized proteins must, however, be considered 


preliminary since we have not carried out either here or in the case of the B-chain of 


insulin a characterization of the oxidized products employed. Hence the extent of 


oxidation and the degree of purification achieved were uncertain but these did not 
affect the conclusions reached here and above. These early studies also prompted a 


search for a better helical solvent which can dissolve many proteins and at the same 
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time is miscible with water. Imahori et a/.” finally decided upon the use of 2-chloro- 
ethanol. The addition of this solvent to aqueous solutions indeed increased the helical 
content as measured by rotatory dipersion in nearly every case. Thus we have now at 
our disposal a wide range of solvents to be used for the studies of protein conforma- 


tions and conformational changes. 


Inte rmoiliecuial droge honded form 
So far our discussions have been limited to the x-helical and randomly coiled con- 
formations. Other polypeptide structures are by no means unimportant, even though 
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very little information has as yet been available. Indeed our analysis of the dispersion 
behavior of proteins would be incomplete without knowing the contributions and 
complications due to these important structures. One such structure which has 
rece 


called the f-form. Infrared spectral studies™ ® first demonstrated that polypeptides of 


ved considerable attention is the intermolecuar-hydrogen bonded form, commonly 


sufficiently low molecular weight did not form an x-helical conformation. Instead, 
they existed in an intermolecularly hydrogen bonded form, an aggregated state similar 
to the £-form known in the solid state. From thermodynamic considerations Schell- 
man has also reached the conclusion that the «-helices are only stable above a certain 
critical length which depends on a number of factors such as the composition of the 
polypeptide, the environment and the temperature. Dispersion measurements were 


** E. G. Ambrose and A. Elliott, Pr Roy. Soc. A 205, 47 (1951) 
’ E. R. Blout and A. Asadourian, J. Amer. Chem. Soc. 78, 955 (1956) 
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therefore made on a low molecular weight PBLG sample in chloroform, chloroform 
saturated with formamide, and dichloroacetic acid, the results of which are shown in 
Fig. 12. Unlike the «-helical polypeptide the rotations of the /-form were concentra- 
tion-dependent. At high concentrations in a poor solvent (chloroform in this case) 
they were positive and showed normal dispersion behavior. At low concentrations 
they became negative, similar to those in the randomly coiled form (in DCA), a fact 


Solvent 

o CHCl; 

e CHCl; 

© CHCI,-HCONH, 

CHCIs-HCONH> 
e CHCloCOOH 
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perhaps indicative of the disruption of these aggregates. This /-form was also unstable 
when small amounts of more strongly hydrogen-bonding agent such as formamide 
was introduced. 

No rotation studies seem to have been reported that demonstrate the existence 
of the /-form in protein solutions. It seems very suggestive to think that such confor- 
mation, if present in the protein solutions, will probably also show a positive contri- 
bution as contrasted to the negative intrinsic rotation of the L-residues, although the 
observations in organic solvents may be quite different from those in aqueous solutions. 
The fact that the f-form is strongly concentration-dependent and unstable in the 
presence of traces of strongly hydrogen-bonding agents prevents us from making any 
further speculation. Very recently, however, Imahori® has demonstrated that the 
8-form of proteins in aqueous solutions does indeed make a positive contribution to 
the rotation. First he found that our data in Fig. 12 could equally well be fitted with 
equations (4) and (5) for the «-helices, even though this again seems purely empirical. 
The interesting point was that both a," (here for the sake of simplicity the same sym- 
bol was retained for the f-form, although the superscript H originally referred to the 
helix) and b, were found to be positive with 2, presumably set at 0-212 yu, as contrasted 


** K. Imahori, J. Mol. Biol. in press. 


: 
2 + 
| 
[ox], 
4, Conc 
6.3% 
2.6 
2.6 
0.4 
1.0 
Fy 12. Optical rotatory dispersion of very low molecular weight poly-y-bdenz) -giutamate 
: in several solvents at different concentrations at 20°C ; 
“ 


164 Jen Tst YANG 


with the opposite signs found for the x-helices. Thus at least empirically Imahori’s 
suggestion offers a means of distinguishing these two conformations, provided that 
future experiments support the correctness of his interpretation. By making the disper- 
sion measurements of the aggregates of denatured pepsin and bovine serum albumin 
(in the presence of salt to prevent precipitation, ionic strength not given), Imahori 
found that the (4° ,*\x),—l(A* J,*) plot [equation (4)] of both proteins did 
give a positive slope, although the total rotations were negative throughout the range 
of wavelengths studied. Take, for eaxample, the /-form of bovine serum albumin, 
250 and b, 234, as contrasted with +650 and — 630 for the 

If one accepts this interpretation and pursues it further, an interesting 

ure immediately follows. The dispersion plot, (7° J,*)[x], versus 1/(A* — A,*) 
according to equation (4), for a mixture of the z-helices and /-forms would give a 
smaller slope (in magnitude) than it would have been in the absence of the p-form. 
ently the helical content based on the alue would be underestimated. 

value would be smaller than the true value for the «-helix, 
vielding a lower estimate of the helical content. On the other hand, the 
1e two methods should be different since the a," and b, constants are 

form but have opposite sign for the «-helix. For instance, a 

mixture of § ‘nt x-helix and 50 /-form gives an apparent helical content of 69 


per cent a.” wi and 32 per cent from the b, method respectively. Again, 


let us take native \ serum albumin for an illustration, for which Imahori has 
170. Thus for re of 58 per cent native protein 
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Polypeptides and proteins 
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The author's early work, as 


Acknowledgments 
for providing much of the late information included in this paper 
The polypeptide samples employed 


reported herein, was completed in Professor Doty’s laboratory 
i by Dr. E. R. Blout to whom the author also owes many interesting 


were generously supplicc 
discussions 
he writing up of this work was supported in part by National Science Foundation Grant G 10471 


to Dartmouth Medical School 


q 
q 
4 
2 
2 
t 
| 
| 
4 
~ 


n Ireland 


OPTICAL ROTATORY DISPERSION 
GLOBULAR PROTEINS* 


B JIRGENSONS 
Hi 
H 


INTRODUCTION 
THE opti 


studied recently 


} | let 
sipiuty to correia 


EXPERIMI 


try Depart- 
Ward 


bk 


ta 31, 427 (1959): C. B. Antinsen in 
John Wiley, New York; Methuen 


166 


London (1958) 


Tetrahedron, 1961, p. 166 Perga Press, Inc. Printed in Norther 

4 

[The Texas, M pital and Tumor Institute i. 

Dep ent of muston, Texa 

2 
ns has been in 

a - several laboratories . This interest is due chiefly to the pos c the 

4 optical rotatory dispersion data th the structure and configurationy of the macro ‘ 

OIrecuies, Ame cw Pe | | OT itter suvdiect | ne pul pe 
I presc evcrai prote Ss. as well aS to tadulale earlier ae 
a. resu A short discussion w led, indicating the insufficiency of the presently ime es 
ating helix-co NSILIO «del for the treatment of these phenomena 
Viost of the 4 roteins mentioned in this paper have deen desc ribed in previous 
) tions of other thor 7] hormo! prolactin and somato 
m Pro C. H. Li of University of Cah 
The iryp yitors | and II were isolated in our Laboratory by 
| iKenaka |! product by chr inpnic tractionalt ind a 
detaiied rep lo e puod vi Ovomucoid was pul 
reo Pe unk rea pur ni CO aining ner cent hexose 
and it exhibited lly tric peak youndary electrophoresis. The 
ae uteinizing hormone LH, was a g m Dr. D. N. Ward of our Biochem : 
Pep: n due time. The macroglobulins and myeloma globulins were isolated from the ZZ! 
‘ 
ae B. J irch. Biock B 8, 235 (1958 

ee B. J irch. B B 85, 532 (1959 

‘aA \ Onk 46. 4 | 

\. Sc R j 4 

4 

B. irch. B Biophys. 85, 89 (1959 

'G. \ { Sci. 45, 9 ) 

fae *W. Kauz i Re Pi Ch 8, 413 (1957) idvanc. Protein Chem. 14, 1 (1959) as es 

} l cact Re Pur 1 (Aen dustr 9. 44 (1959) 
4 B. Jirgensons and T. Ikenaka, M mol. Chem. 31, 112 (195 ee ee 
Protein Structure (Edited by A. Neuberger) p. 223 

= 


Globular proteins 167 


of patients in this and other laboratories; some of the macroglobulins were gifts from 
Dr. H. F. Deutsch (University of Wisconsin), and more detailed reports on the macro- 


globulins and myeloma globulins are in preparation. 

The proteins were dissolved in water or in aqueous salt solutions or alkalies of low 
or moderate ionic strength (usually 0-05-0-1). As shown in several previous publica- 
tions,’* such slight variation of ionic strength does not affect the rotatory properties. 
(Somewhat exceptional in this respect are some of the redox enzymes, such as aldolase). 
The pH of the solutions of the native proteins was rather close to the isoelectric point 
in each case avoiding extreme acid or alkaline reaction. Generally, the native proteins 
were studied under such conditions when they are maximally stable and yield clear 
solutions. In some of the denaturation experiments, the solutions were either strongly 
acid (pH 1-5-2-5) or strongly alkaline (pH 11—12-0), although heating was avoided. 
Denaturation with guanidine thiocyanate, however, was accomplished by warming 
the solutions at 50°C for 1-1} hours. The guanidine thiocyanate was a product of 
Eastman Coroporation; it was recrystallized from hot methanol. The protein concen- 
tration was usually between 0-5-4 per cent, and it was determined either by gravimetric 
method'* or by micro-Kjeldahl nitrogen analyses,* or by both methods for one and 
the same solution 

rhe optical rotation was measured with a Rudolph Model 80 photoelectric spectro- 
polarimeter. A Hanovia mercury burner was used as the light source, and the lines at 
578. 546-1, 435-8, 404-7, 390-6, 366-3, 365-0, and 334-1 mu were used in most instances: 


light source also were used in some experi- 


a sodium lamp, and a zirconium white 
ments.” The measurements were made at room temperature of 24-26° (--2) in 10, 20, 
or 40 cm semi-micro tubes with glass windows. The latter were fastened with the 
minimum of stress, and only such windows (end plates) were used that showed a 
positional variation of the zero point not larger than 0-02" of the «. The zero points 


of the tubes, and the instrument without tube, was checked frequently A quartz 


control plate certified by the National Bureau of Standards (1614—NBS—-1958) also 


was occasionally used for checking the performance of the instrument 


The dispersion constants were evaluated according to the Yang—Doty method, viz. 


by plotting 4*. [x] versus [z The [x],, values were calculated from the one-term 
modified Drude equation. The errors in the dispersion constants /, (or A,) were found 
to be +-2-3 mu in most cases, while the accuracy in the [x], values is in the range of 


0-5-2 his is the reproducibility as obtained with blameless preparations in repeated 


series Of Measurements However, it must be pointed out that the difierences in the 


1 dispersion constant values found on diffe 


ent preparations of 


specific rotation anc 


same protein may be much larger than those mentioned This may be due to either 
impurities or partial denaturation of the protein. Especially great are the effects pro- 
duced by colored impurities, e.g. a specimen of impure pancreatic «-amylase’ yielded a 
dispersion constant about 30 my lower than a colorless pure preparation Because 
of the same reason, the results obtained with the not quite colorless preparations of 
alcohol dehydrogenase and glyceraldehyde phosphate dehydrogenase probably involve 
larger errors. Less serious sources of error are those associated with defects in the 
technique of measurement. If the optical activity is low, a considerable error may be 


caused by the stresses in the tube windows. Other errors may be caused by the weak- 
ness and instability of the light source. If a white light source is used, such as zirconium 


lamp, a considerable error may be caused by the necessity to work with too wide slit. 
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Results 


The results are compiled in Tables 1-4. With respect to the values of the dispersion 


constants (A, or /,), the globular proteins can be classified into three groups (7): 
(1) proteins with relatively high dispersion constants | Table 1). 
(2) proteins with re atively low dispersion constants | Table 2), 


(3) proteims with abnormally low dispersion constants ( Table 3) 


TABLE | Ro ATORY DISPERSION r OTATION OF NATIVE GLOBULAR PROTEINS 
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globular proteins are compiled in Table 4. Denaturation was ascertained either by the 
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TABLE 2. ROTATORY DISPERSION AND SPECIFIC ROTATION OF NATIVE GLOBULAR PROTEINS 
proteins with low A, (/,) of 220-245 my 
Reference 


Class 
[x}p 


Amylase, x, pancreatic 
Casein 
hymotrypsin 
-Chymotrypsin 
( nyMotrypsin 


psinogen 


Chymotryy; 
Dehvdroge “ase 
phosphate 


metal 


glycer 
Globulin 
hind 


actoglobuli 


vomucoid 


addition to 


activity or strong increase of viscosity, usually by two or three criteria, 1n 
the changes in the rotatory M guanidine thiocyanate at 50° appeared to 


be effective for most proteins although in some instances 3—4 M guanidine thiocyanate 
on than 2 M thiocyanate. It was not attempted to 


behavior 


produced a more complete denaturat 
include in this Table all results published on this subject by various authors, but only 


the most definitive and characteristic data are included 
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The abnormal proteins of group III (Table 3) deserve special attention. Of the well 
defined crystallized proteins of this class, pepsin has been investigated to a great 


detail.'**" Five different specimens of one, two or three times recrystallized pepsin 
possessing full enzymic activity have been examined by the author of this paper. The 
concentrations of the protein and added neutral salts have been varied ; the pH of the 


solutions was in the range of 4-8-5-5, and autodigestion was avoided by using 


TABLE 4. ROTATORY DISPERSION AND SPECIFIC ROTATION OF denatured 


GLOBULAR PROTEINS 
References 
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fresh solutions. All such solutions yielded dispersion constants of 212-216 my, 


Denaturation by means of weak alkali (pH 7-8—9-6) or guanidine thiocyanate always 


yielded somewhat higher dispersion constants of 222-226 mu ( ). The low dis- 


persion constant for native pepsin has been found also by Perlmann.’ Also it has 


been found by Perlmann that the slight rotational changes that occur on long standing 


of mixtures containing guanidine hydrochloride are due to autodigestion. 

rhe soy bean trypsin inhibitor is another example of proteins of class III that was 
very thoroughly investigated. Five different preparations of one to five times recrystal- 
lized inhibitor were used'’* at various conditions at which the protein retained its 
inhibiting activity. Altogether 16 series of dispersion measurements have been run 
with this protein, and, since the solutions were colorless and clear, and the optical 
activity of the protein is high, the results can be considered as relatively very accurate. 


* Unpublished results 


170 
q | 
- 
Alb in, Cze Lrea 226 27-5 93 
2. Alb serum Ure 221 30-7 103 
a Alb serun Guanidine-HCNS 225 | 270 91 
OXIGI7ZE% Guanidine-HC NS 218 21°3 71 
+ 4 sc icteria (su ne-HCNS 219 19-2 64 
$. Amylase, taka Alka 2300 
6. Del ogenas¢ 
ctic acid Alkali, pH 11-2 225 25-3 95 
Insu Ure 226 84 
8. Lysozyme Guanidine-HCNS, 2 M 230 21-2 2 
Lysozyme Guanidine-HCNS, 3 M 226 | 22-2 
Lys vin e-HCNS, 4M Zid 24-9 S35 
= 
Pro Gi HCNS, 4M 20 23-4 7 
10. Somatotrop ( 
— 2 hy irvpsinoger 
| i vps 
16. Bence-Jones prot 
17. Pep 
1.8 y-Globul 
: 
| 


Globular proteins 171 


The dispersion constants obtained in these experiments varied within the narrow range 
of 210-219 mu. The average value as computed from the best series of measurements 
(i.e. the one showing the least scatter in the linear plots /*. [x] versus [«]) was 217 my. 
The native state was ascertained not only by the enzymic inhibition tests but also by 
viscosity measurements. The intrinsic viscosity of this protein was found to be 
0-050 di/g at pH 7-8 and ionic strength of 0-05.? 

The Bence—Jones proteins and the y-globulins also have been studied to a consider- 
able extent. Although none of them were crystallized preparations, the native state was 
ascertained by the low specific rotation values and low viscosities of the solutions. 


Most of the solutions were quite colorless so that the readings could be exte! ded into 
ultraviolet up to 365 or even 334 mu lines of the mercury spectrun rhe experimental 
error. as calculated by the usual statistical methods, in these series of measurements 
was between 2 and 5 my for the dispersion constant. 

The changes of the dispersion constants on denaturation (1.e. expansion and disor- 
ganization) of the proteins of the three classes are illustrated in Fig. 1. Since a con- 
siderable variation is observed in each class, the curves actually should be drawn as 
bands. Some of the proteins of class II1, such as pepsin, show only a slight change of 
the dispersion constant on denaturation, so that curve 3 shows this change 1n an exag- 


gerated fashion. 


Discussion 


Conclusions. The results on the optical rotatory dispersion of native and denatured 


globular proteins can be summarized in the form of the following three statements: 


(1) The one-term Drude rule holds for all colorless native and denatured proteins, 
when the rotatory dispersion is measured in the wave length range of 365-600 my; 

2) The dispersion constants of all native globular proteins are within the range of 
180-280 mu; 
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(3) The dispersion constants of all globular compact proteins converge to a com- 


mon value of 210-220 mu on denaturation (expansion, unfolding, disorganization) of 


the macromolecules 
Rotatory dispersion studies of other authors on polyaminoacids have indicated 


that the one-term Drude rule holds onlv for the solutions in which these macromole- 
cules have a random-chain conformation.” Since both native and denatured proteins 


obev the one-term Drude law, one may be tempted to conclude that the macromole- 


cules of native globular proteins Go not possess a unique ordered (e.g. x-helical) con- 


formation. but that they are disordered chains. Yang and Doty’, who thoroughly 


studied this problem, came to the conclusion that only a relatively small core of the 


giopulal macromolecule s orderly folded in aqueous solution, and that this ordered 
(helical) portion can be increased by using certain non-aqueous solvents. These eflorts 
to reconcile the rotatory dispersion results with a simpte helix-coil transition model 
have been rather successful with several polyamino acids®™ but they have been less 
successful with proteins. For example, this reasoning led to the conclusion that the 
assumed helical cores must be of one definite screw sense and that the dispersion con- 
stants must decrease on disorganizalior In reality, however, several proteins of the 


lass II] show an increase of the dispersion constants on disorganization 


cl 
Since many of the native globular proteins possessing low dispersion constants have 
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reason to be e that the nacromolecules are lered. and that denaturation results 
in expa or untold ind disorganization ol the unique native contormauion 
co ‘ n the more common terminology). However the rotatory dispersion 
dat dicate that these proteims have very little, if any, helical portions and that their 
secondary and tertiary structure must differ fron that of the proteins possessing high 
dispersion constants. Asid f the now popular helix. other types of secondary 
Structure si a be considercd tl rlobulal wok . Also the tact should be considered 
t. the peptide side groups the formation ol a periect 
he dered. The X-ray structural analysis of myoglobur has shown that the 
tc f the chain into a ¢ nact body) is very complex;’® the 
| c vhatever the seconda tructure of it may be, is folded many 
| SCC be re iled the straight sections 
‘ il | e dispersion 
t ‘ ibys the lar\ 
t t solution X-1 liffraction ouk v how helical 
\ ind 1 what extent the ter- 
ain 
M ou 1d n der to correlate the rotatory 
disper i proper such as thea (ior 
d ” It oteworthy tha ost of the proteins of class Il, such as 


Ber 
| 
Biocl Vol IX 
i 
O. Krath New York (1959 
1. C. Ke \ nd. 182, 764 (1958 


Globular proteins 


pepsin,’ y-globulin, and the Bence—Jones proteins, are rich in the hydroxyamino acids 
serine and threonine.** The possibility of interchain hydrogen bonds has already been 
considered, but covalent ester bonds between the hydroxyl groups and carboxyls of 
the chains also should be considered.’* It is noteworthy that phosphodiester bonds 
have already been ascertained in pepsin.'* In the structural considerations, thus far 
only the secondary folding of the chain has been considered, and the intrachain hydro- 
gen bonds have been thought to be responsible for the helical folding. However, more 
and more evidence is accumulating that suggests the importance of other causes for the 
secondary and tertiary structure, such as electrostatic interaction between charged 
groups, hydrophoby of the hydrocarbon side groups, as well as the covalent intra- 
and inter-chain bonds."""* The latter can affect the rotatory properties in two ways: 
(1) by affecting the asymmetry at the carbon atoms,” and (2) by affecting the folding 
of the chain. The second effect is probably the decisive, although the first should 
not be altogether neglected. The direct “short range” effects of the side groups, e.g. 
disulfide bonds, however, are difficult to estimate, since a chemical modification affects 
not only these groups but also the conformation of the whole chain or at least of 
some of its parts.’*" 
rhe conclusion that the rotatory dispersion of globular proteins is determined by 
the conformation of the polypeptide chain is supported also by the finding that the 
dispersion constants of all denatured (unfolded, disorganized) globular proteins con- 
verge to the same value of 210-220 mu. Hence the radicals attached to the asymmetric 
atoms become unimportant for the numerical value of the dispersion constant 
ven the chain is unfolded and disorganized. While the dispersion constants con- 
verge to a common number, the specific rotation of the disorganized proteins seems to 
depend not only on the degree of disorganization but also on the individual contri- 


butions of the asymmetry centers, i.e. the amino acid composition and primary struc- 


the proteins (see Table 4) 


differences in the dispersion constants of the native globular proteins would 
nined by the ratio of helical to random conformations, all the presumably dis- 
he low /, values, should have higher intrin- 

sumably helical molecules with their high /,. (It is, 


nacromolecule the helix is folded thus yielding 


is, however, is not so. The solutions of 


those of the Bence—Jones proteins.”! all 


lues as any of the proteins of class I. For 


the intrinsic \ { i né epsin at a moderate ionic strength of 0-01 


while that serum albumin (class |) is 0-036—0-040 dl/g.-° 
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The results of this paper, moreover, indicate that a low dispersion constant alone is 
an insufficient characteristic for the state of conformation. In several instances, espe- 


cially in the group lil, the dispersion constants practically do notchange on 


denaturation, while the solubility, Viscosity, specific rotation. and other properties 


change considerably. This was observed, for example, in the denaturation of 


* Thus alow /, of 220mu obviously can be caused by either a certain 


y-globulin 
folded or an unfolded conformation. In the instance of serum albumin, and most 
other cases (group 1), however, the dispersion constant 1s a safer criterion than the 
specific rotation.*” 
On the basis of these facts, the following general conclusions can be made 
(1) The wide range of the dispersion constants of the native globular proteins 
(180-280 mu) suggests a ve i compact cor mations. \t is suggested that 
lepends, in the fh n the amir wcid composition and primary 
lyvamino acids a helix- 


rotcins other 


sen 


fact that the folding o ain aused not by intrachain hvdroge 


‘ 
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al., all of the proteins of class III and most of the class II are non-helical in aqueous 
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(3) The dispersion constants of all denatured (disorganized) proteins approach a common value 
of 210-220 mu. This findir g is in agreement with the principle that the conformation of the chain 
determines the dispersion constant, and that denaturation leads to a disordered expanded chain 
conformation. 
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THE ROTATORY DISPERSION OF AMINO ACIDS 


1. Srrem*, Y. S. R. KRISHNA-PRASAD, and J. A. SCHELLMAN 


Chemistry Department University of Oregon 


ROTATORY dispersion studies on amino acids can reveal little concerning their struc- 
tures since these are now so well established. In fact absolute configurations are now 
known for fairly complicated amino acids such as isoleucine, hydroxyproline, etc. 
It is only in relation to larger problems such as the polypeptides that such an investi- 
gation becomes of interest. | would like to review the line of thought which led to the 
group of experiments | am about to describe 

We are all aware of the very prominent work being done in the field of sequence 
determinations. It seems a great stroke of luck that, in many cases, optical rotation 
measurements ignore precisely this aspect of protein structure and respond instead 
to backbone configuration. This is only a working hypothesis but one gains confi- 
dence in its utility from the uniform rotatory properties of several synthetic polypep- 
tides and the correlations established by Doty, Yang and Blout with the extensive 


measurements on proteins. A number of polypeptides known to be in helical form 


follow the same kind of dispersion curve, which ts in accordance with the suggestion 


of Cohen that there is a distinct type of rotation attributable to the backbone helix 


per se. Polypeptides and proteins known to be random follow another kind of 


mm 


The properties of intermediate configuration can be deduced and are observed 


proteins 

On the other hand optical rotation ts a spectral property and one encounters many 
snags in this kind of interpretation. For example polybenzyl aspartate, polyhistidine, 
polytryptophane, etc. do not follow the rotatory dispersion that is believed established 


for right-handed helices. Bence—Jones proteins, pepsin and y-globulin have a differ- 


ent kind of rotatory dispersion than the proteins first! rentioned.* Finally with poly- 


peptides and proteins containing large tractions ol chromophoric or configurationally 


h 


unusual side cl eff 


ains, specific residue eflects can be expected 

Data on polypeptide sand c -polypeptides are accumulating at a fast rate but 
will certainly be some time before all polypeptides of interest will be investigate 
We decided on the less reliable but very much faster approach of studying a large 
number of the amino acids themselves in order to detect as rapidly as possible the 
contribution of their side chains to the dispersion. The inference is not to be drawn that 
there will be a one to one correspondence between anomalous contributions in free 
amino acids with those in high molecular weight compounds, but a side chain chromo- 
phore which is highly active in an amino acid ought to be regarded as suspect in poly- 
peptides until appropriate evidence proves otherwise. In the course of these studies a 
number of observations on the intrinsic rotatory capabilities of groups resulted 

* Chemistry Department ver f Minnesota, Minn 
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Experimental conditions 


The bulk of our observations were performed in acid solution. Actual conditions 
varied to suit the requirement that the carboxylate group was completely titrated to 
COOH so that the rotation was on a plateau with respect to pH and was little affected 
by small changes in pH or concentration. In this region the bulk of the rotation appears 
rather clearly to be associated with the COOH chromophore at 2050 A* except when 
other chromophores of higher wave length are present. Simpson at this meeting has 
stated that this transition is the same as the 2900 A transition of the CO group of 
ketones so much discussed in the pers of Djerassi and Klyne 
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Re SUITS 


ordet 
most ol 
groups Readers wh 
them in a glossary at 
Group | 
{mino acids with no chromophores beyond the p rho ; ne a chromophore 


as a group with an absorption band above ig. | shows the t » of data 


which was obtained. The curves are uniform and the substances involved are shown 


in the collective Tab 


Group ? 


{imino acids with chromophores beyond the ( carbon atom. A typical set of data is 
shown in Fig. 2. Other examples differing little in dispersion will be found in Table 1. 
It would appear that the side-chain groups are sufficiently far from the COOH group 
in this case that they do not differentiate these substances from Group |. Unfortu- 
nately no chromophores of the very near U.V. were studied. These would have provided 
1s 


s discussed in Ref. 3, Chapter 
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OF AMINO ACIDS ACCORDING TO STRUCTURAL FEATURES IMPORTANT TO ROTATORY 


PROPERTIES 


res These are of two ki those which give rise to 


anomalous dispersion, and those which produce plain curves similar to groups | and 2. 


The latter are shown in Fig. 3. Individualism ts beginning to appeat but above 3500 A 
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where most polypeptide and protein dispersion runs are performed, the curves are 
On the other hand phenylalanine, tyrosine and trypto- 


definitely banded together 
ow distinctly anomalous behavior (Fig. 4). very likely arising from thei 

bands above 2500 \ Cotton effect curves could not be obtained because 
ves calculated with the formulas of Lowry* 


absorption but two term dispersion cur 
ing to the appropriate absorption band. For 


ore limited wave length region. 


omalous curves at 20 Both are not repro- 


unusual featur the temperature dependence of the 


it 20° with a broad minimum at 
closeness of the 


ut a gentle raising of the curve 


d point it a warning against attributing 


Br 
% 
lec 
tyrosine similar resuits had Deen 
dispers on of S-ethvi cystine the curve is 
i about 4750 A, and simp at SU It seems reasonab 
a urves that this does not represent a structural change bE 
curves that this Goes not represent a cli 4 | 
al 
across the zero axis. Results of this ki) [Ti i 
es special significance to anomalous dispersion. 
Group 4 
i” acids € ent Unusual features might be 
a expected here and they are observed. The threonine dispersion curve 1s displaced : 
aownwar rom the norm to dDecome anomalous e curve Is Gisplacec 
tat 
upwards to be unusually dextrotatory 
Group 5 
- p H eain the curves deviate from the norm (Fig. 7) _ 
ring structur Pyroglutat acid also shows these features (unpublished results) 
ut all net pul of a Cotton wave of very large 
implitude AS) \ | indoubtedly as crate the al sorpl on pand oft 
2500 A strates that k of the optical rotation Is associated 
vith t hd pit This probably arises from the fact that the disulfide link 
int i i tric aS 1S SHOW! Fig. 9. dihedral angie gives rise to a 
SCT. 1s i< W met! tcl rignt and SCTISC 
ty 
than ¢ ibiec that one or the other configuration Vv be preferred, thus producing 
i an int sic rotation associated with the disulfide link. It ts interesting that the Cotton meek a 
effect 1s positive in homocystine (unpublished observations) 
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Discussion 


First 


IS 


it must be emphasized that a compari 


on between the side chain contribu- 


ota chromophore inan amino acid and ina polypeptide is not a rigorous pro- 
In an amino acid the chromophore “sees” a very different set of 
1 a polypeptide, especially if the polypeptide is in the helical conformation. 


icinal eroups 
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One final instance of where conformational rules might break down is in the pre- 
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OPTICAL ROTATORY PROPERTIES OF POLYNUCLEOTIDES 
AND NUCLEIC ACIDS 
J. R. Fresco” 
Department of Chemistry, Harva 


1e molecular 


re nucleic acids are currently a major focal point of investigation for tl 


biologist. This is because it is now recognized that this group of macromolecules plays 


a central role in the hereditary f the genetic infor- 


+} na 
process, and in the dissemination of 


mation within a given generation 
In a search for better ways to reveal some of the more subtle aspects of nucleic acid 
conformation in solution, a f laboratories have recently turned to the 
method of optical rotation 1 this, when one considers 
the success with which this tool has been employed within the last decade to detect and 
6-8 


quantitate x-helical secondary structul in s\ and proteims. 


Indeed, from this work 
reflect regularities in mi 
metric atoms. Now, 


optical rotatory efiects 


would seem to require 
distribution of the polar 


charge separation 


Primar) 


of optical activity 


several carbon atoms 
phosphorus atom involved in nternuc nce 
equivalent oxygens Phe disposition of atoms in Ivnucleotide chain m: 
Fig. 1, which shows a section of a hypothetic: leic acid (RNA) cl 
shown only 


backbone of deoxyribonucleic acid (DNA) differs 


longer asym1 


pentose C-2, in lacking oxygen, Is no 


ean 
n chain configuration which are not directly related to asym- 
uclel is t similar possibilities for 
the Lams of nucleic ack tnere exist Hilia Cs 
aoe: Po arising from secondary structure; for their covalent nature oe 
. ee hat structural regularity will from some form of helical 
nat structural re arily Will arise [rom Io! ( 
et groups in the backbone, due to the need to maintain maximum 
he aa It will become apparent from what follows that o understanding of the optical 
f nolvnentides. Indeed. tl ins even at the observational level 
n the case of polypeptide eed ere are wide gaps even at the « R l il leve 
’ Nevertheless. a number of generalities are beginning to emerge, and is to these posi- 
ey tive aspects that I direct my attention 
Centers of optica acti Vu ul acids 
sfructure. A priori, one might expect nucies acids to show a base e level 
, 
ill nclude 
t not the 
ains two 
: ye seen In 
in. The | 
1 that the 
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is, nevertheless, not to be expected 


The fully randomly coiled polynucleotide chain 


to display ¢ plical LCLIN edictable si 


mply from that of its pentose constituent. For 


it has been observed tl > base substituent on the pentose while not optically active 
by itself has a signif ffect on the resulting nucleoside.*"” Thus, whereas those 
pu |,, values somewhat negative, pyrimidine nucleosides 


le osides 


polynucleotide 


) 
contormation 


\ nun ber ol 


hy 


hese include 


e.g. poly(A A 


now known | 
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oly(A + poly(A U U),1? poly(1 + C),"* poly(l | + 1)..% Of these, the 
por por por pols 


most detailed structure analysis is available for DNA, whose comformation is schem- 


atically presented in Fig. 2. In this complex, as in all the others, the pentose-phosphate 
backbone is on the periphery of the helix, and the base residues are hydrogen-bonded 
in pairs or triplets in the interior. In all these cases, then, additional contributions to 
the optical rotation may appear due to the helical conformation. One of these should 
arise from the interaction of the polarized light with the optically active centers in the 
helically wound backbone strands. It is useful, perhaps, to think of the pentose-phos- 
phate backbones as analogous to the x-helix backbone of the polypeptide, recognizing, 
however, that the polynucleotide rotation arises from D residues, whereas the poly- 
peptide contains L residues In the polynucleotide, we might expect, another conforma- 
tional effect to result from the helical array of the base pairs, which can be thought of 


as a series of discs translating about 36° every 3-4 A (or some similar repeat distance 


in the other complexes) along the helix axis. The contribution due to these chromo- 
phores could, in fact, be quite large, if as might be supposed, the base pairs involve 


one or more n —> 7* transitions**** in addition to 7 transitions.7 


Depe ndence of SPer ific rotation on conformation 


The helix-coil transition. A large body of physico-chemical evidence is now available 
which shows that the increases in ultraviolet absorption at 260 my that accompany the 


exposure of helical polynucleotides in solution to elevated temperatures provide a direct 


measure of the denaturation process Thus, a plot of ultraviolet absorption versus 


temperature reflects the me/ting of the helical conformation into a disordered random 
coll. 


This ultraviolet absorption change is undoubtedly related to the fact that in organ- 


ized polynucleotides, the absorption of the constituent nucleotide units ts markedly 


depressed."*'""*4 This hypochromicity appears t lue to the particular mode of 
stacking of the bases maintained as a result hydrogen bond interactions. Thus, 


when thermal disruption of the hydrogen bond urs, the absorbing properties of 


the chromophores revert almost completely t LOS f th dividual monomer 


units.~? 

In view of this, and in an attempt ass he contribution of helical conformation 
to rotatory power, we investigated the changes in specific rotation which could be 
thermally induced in several helical polynucleotides.’ eI ts for DNA and 


poly (A U) are shown in Figs. 3 and 4 rr the sake of cc ison, the optical 
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It should be noted 
lcasurements were made 
he exan ples shown 


polyriponucieotide co 
Consider first the poly (A oom tem ature, where this complex is 


stable, it has an [x],, of 300°, whicl abou higher than that of its single-chain 


component. The poly (A hel . an even more ing picture. In this 


instance, the interaction of one st ing an |%} 8 (poly U) with another 
having an [x] (poly A) results in a helical complex with an [x], of 300 


Apparently, when the poly U strand assumes a helical conformation, it contributes with 
as high a positive rotation as the poly A chain 


He content of sin -Sirdi ded potvnu leolides An obvious extension ol the 


Gensity Gata are also plotted and the two ordinates are norma 
inat since there Att ‘ is ble aspects tO the transitions all ‘ * 
: at the ambient temperature From such data. of which 1 a 
j typica t iS clear that optical rotation does depend on conformation ; ‘ 
a At a glance, i ‘ lent that the profiles obtained by the two optical meMll are 
-_ essentially paral Also, at high temperature, where the polynucleotide chains are 
d coils. t ipproaches whicl consistent with our earlier argument 
i 
in Db nat contridbution due to helical contormation is very Siz- 
cot sinc 4 ippears to Del ame in ali the potyn cleotides so far 
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finding that optical rotatory power reflects helical conformation in multistranded poly- 
nucleotide complexes was to exploit this property as a probe for helical order in single- 
stranded polynucleotides (including RNA). 

Prior to this effort it was recognized from an assessment of their ultraviolet hypo- 
chromicity that there exists among these single chain polymers a gradation in degree 
of intramolecular hydrogen bonding. It now became evident that a similar gradation 
can be made on the basis of degree of positive rotation. Fortunately poly U at room 


shows alm« 


\ are Ken ati m temperature ere 


ypochromicity and a concomitant decrease in positive 


is a 
rotatior Indeed, the cour | the changes in hypochromicity which can be induced 
over the acces e ter > range is completely paralleled by decreases in specific 
rotation (sec ‘ : imilar observations have been recorded for RNA from different 
sources (Fig. 6) and for single-stranded denatured DNA (Fig. 7) 

From such observations, we are prone to conclude that nearly all the hydrogen 
bonded bases of single-stranded polynucleotides are contained within helical regions, 
Naturally, this structural assignment does not rest merely on the qualitative coincidence 
of the rotatory and absorbance phenomena described above. | qually significant and 


more revealing are the magnitudes of the rotational effects. For these represent a 
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substantial proportion of the changes elicited when a multistranded complete helix 
undergoes transition to the random coil. In fact, they closely approximate the values 
predicted from the product of the fraction of hydrogen-bonded bases (adduced from 
hypochromicity data) and the rotational change expected from the melting of a com- 
pletely helical polynucleotide. ' 

It must be admitted, nevertheless, that the estimation of helical content of single- 
stranded polyribonucleotides from specific rotation data depends in some measure on 


three assumptions: (1) that the nature of the helical regions within the single strand is 


much like that of the complete helical complexes (2) that the length of a helical 
region does not markedly affect rotatory power: and (3) that the types of hydrogen 
bonded base pairs in the helix are of little importance There is now being amassed 


convincing evidence, not appropriately discussed here, that the first assumption is justi- 
fied at least for RNA and synthetic polyribonucleotide co-polymers.*° Unfortunately, 


we can only speci late on the second assumption since our examination of this matter, 


using homogeneous oligonucleotides, has just begun. In any helix, an end effect may 
be expected which will result in a lowering of the average residue rotation. Obviously 
the significance of this factor « vishe rapidly $< th increases, so that by the 
time a ten residue-] ix 1s reached the effec probably ai small. Si the 
Stadiuitv-—temperal e curve fi RNA mdaicate most | lical regions are this | tn of 
rreater,~" it ¢ De a it I factor will no rkedly distort t calculation of 
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broad wave length range in order to delineate tl haracter of the rotatory dispersion 
naturally suggests itself. Possibly, such data would be amenable to theoretical treat- 
ment, from which more refined molecular definition of nucleic acid structure could 
be achieved. In a more limited sense, rotatory dispersion mi ht be expected to provide 
a sensitive Way oO! a p iving the contormationa ly dependent effects revealed by the 
specific rotation data. For example, it might be found as has been observed in the 
case of polypeptides,”*, that the helical polynucleotides exhibit marked departures 


from the one-term Drude equation expected for the completely disordered forms. In 


this event, a more satisfactory means of quantitating helical content of single-stranded 
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polynucleotides could be anticipated. In connection with this, anomalous dispersion 
particularly associated with the region of absorption of the purine and pyrimidine 
bases might be expected, since, as was pointed out earlier, these chromophores are an 
integral part of the helical structure in nucleic acids. The study of such an anomaly, 
which would take the form of a Cotton effect, could lead to an exposition of molecu- 
lar and electronic interactions related to base pairing. 

In actual fact the realization of the potentialities inherent in rotatory dispersion 
data of nucleic acids is only now beginning to be effected. It may nevertheless be 
profitable to attempt some evaluation of the little amount of information at hand. 

Nucleosides. The rotatory dispersion of the individual nucleoside components of 
DNA has been investigated'® over the region 320-600 my, and found to conform in 
each case to the Drude equation. It is instructive to compare the A, values (A, is 


supposed to indicate the wave length of an optically active transition) reported in that 


study with the wave lengths of maximum absorption, 4,4, of the nucleosides, since in 
these relatively simple substances one might hope to sort out direct relationships 
between these two optical properties. The /, of adenine, cytosine and thymine deoxy- 
nucleosides coincide with theirma,, 4 suggesting that these two parameters are the 
result of a common transition. Consistent with this conclusion, the long wave length 
absorption bands of these nucleosides, 230-300 my, appear to be simple. At first sight 
the guanine nucleoside presents a somewhat different picture, for it has a 4, about 20 
my higher than its /,,,,. This dilemma is readily interpreted, however, upon con- 
sideration of the guanosine absorption spectrum. This spectrum is not simple, having 
a distinct peak (at pH 7) at 253 my, and a prominent shoulder at longer wave lengths. 
The shoulder is probably due to a second band, about half the intensity of the one at 
253 my, that has a /,,,. corresponding very closely to the 4, observed for guanosine. 
This shows that these two absorption bands differ very substantially in their optical 
activity. 

It is evident from these observations that over the wave length range examined, the 
rotatory properties of nucleosides are dominated by the base linked to the pentose 
even though the base itself is not optically active. In view of this, it can be surmised 
that nucleosides will be found to display Cotton effects in the region 230-300 muy. 

Polyriboadenylic acid. Thus far, our examination of poly A has been limited to the 
region 360-600 mu. Within this region. all the data, regardless of the conformation of 
the polynucleotide, fit the one-term Drude equation. Nonetheless, the 4, does vary 
with the degree of helical content in a regular manner as is evident from the following: 
in acid solution, where the completely helical form, poly(A A) exists, 290 mu: 
in neutral salt solution of 0-2 ionic strength, where it is estimated that 50 per cent of the 
residues in the single chain are organized into short helical regions, / 272 mu; 
and when urea is added to such a neutral solution of poly A so that about half of the 
helical regions are disrupted, the 4, drops to 257 my, which is close to the /, of the 
monomer. 

Apparently, helical secondary structure in poly A causes certain electronic transi- 
tions located on the long wave length side of the 230-300 my absorption band to be 
accentuated. These transitions are probably of the n —> 7* type since they are in the 
weakly absorbing part of the spectrum, yet are highly optically active. In this connec- 
tion we have observed that the absorption spectrum of poly A (when traced with a 
continuous recording spectrophotometer) contains some diffuse fine structure on the 
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long wave length side in the form of shoulders and slightly resolved peaks. This fine 
structure is proportional to the helical content, disappears when the helix is completely 
melted out, and is absent in the monomer 

Ribonucleic acid. The rotatory dispersion of RNA has also been shown to follow 


’ In this case, however, the A, 


the Drude equation regardless of the helical content.™ 
changes from 250 mu to 310 mu upon going from the partially helical conformation 
to the completely random one. The direction of this change is opposite that which 


has been observed for poly A, and for the moment there is no ready explantion for this. 


I 8. 7 variation of specific rotation with wave length of calf thymus DNA 


We can only speculate that in RNA the observed A, is a composite of a number of 
different optically active transitions resulting from a multiplicity of base pair sequences 
It can be hoped that these will be resolved when it becomes possible to observe the 
rotatory dispersion within the region 230-300 my 


Deoxyribonucleic acid. Previous to our own recent efforts>* it was reported® that 
the rotatory dispersion of DNA is of the simple Drude type between 320 and 700 mu. 
The scatter in the 4, values and the ill defined nature of the samples used in this work 
prompted us to reexamine the problem. Our investigations have taken two related 
directions. One aim was to delineate accurately the rotatory dispersion of native DNA 
in the readily accessible region above 320 mu, and having done so, to examine the 
changes in the dispersion which accompany denaturation. Related to this, we wished 
to probe as far into the 230-300 my region as would be possible with the most intense 
light sources available in an effort to observe any Cotton effects which might occur 
there. Some progress can now be reported in both these directions. 


A composite plot of our observations is given in Fig. 8. It can be seen that the 
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dispersion is of the simple Drude type at longer wave lengths, but becomes anomalous 
below 360 mu. Evidently, this anomaly is related to the prominent Cotton effect which 
becomes well defined below 300 mu. To more sensitively demonstrate the region of 


Drude-type dispersion and ascertain the A, associated with it, the data are shown 


plotted in Fig. 9 according to the Yang modification® of the Drude plot. From the 


square-root of the slope of the straight-line portion, a .. of 230 was obtained, which is 


somewhat lower than the value quoted above for RNA. 


1500,r 
CALF THYMUS DNA 


T#=25°C C#0°218% 


SOLVENT = NaC 
+O°OI5M Na Citrate, pH 7 


~ Simple drude 
~ 
230mu 


nodified Drude plot native DNA.** 


Unfortunately, the measurement of optical rotation of nucleic acids in the region 
below 300 my is attended by considerable difficulty. A very intense light source is 


required for such work because of the high absorbance of the purine and pyrimidine 
residues. The measurements on DNA reported for wave lengths below 300 my were 
made using a quartz-jacketed, water cooled, high pressure mercury lamp (AH-6, 
General Electric). Even then it was not possible to make measurements between 273 
and 239 mu; and in contrast to the excellent reproducibility of measurements made 


above 300 my (-+-2”,) it was not possible to delineate the Cotton effect below 300 mu 


20 rhe characteristic features of the profile were 


to a reliability of better than 20 per cent 
nevertheless repeatedly observed, and the profile shown represents an averaging of four 


series of observations. It should be emphasized that the variability was in the magni- 


tude of the rotation and not on the location of the profile on the wave length axis. 
An expanded picture of the region of the observed Cotton effect is shown In Fig. 


10. The rotation reaches a maximum at 289 my and may be approaching a well near 


2°). T. Yang and P. Doty, J. Amer. Chem. Soc. 79, 761 (1957) 
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- 275 mu, but the data are insufficient to assign a wave length to this Cotton effect. Upon 
complete denaturation at 95°, a marked change ts noted in the region of the Cotton 
effect. The magnitude of the rotation drops substantially, but the Cotton effect does 
not seem to disappear; significantly, however, the wave length of maximum rotation 
shifts to the red by 4 mu. Upon allowing the solution to cool, so that a substantial 
reformation of hydrogen-bonded base pairs occurs' the Cotton effect is seen to move 


partway back to its original position 


I 10. Alteratio n the Cotton effect th conformation of DNA 


Since the observed Cotton effect is markedly displaced and diminished upon de- 
naturation of the DNA, the transition involved is one that is probably accentuated by 
helical secondary structure. Both the red shift on denaturation and its location in a 
region where the absorption of DNA is very small suggest that this Cotton effect is due 
to an n —> w* transition. Because the Cotton effect is located considerably to the red 


of the 4, of DNA we may presume that other Cotton effects exist in the near-ultra- 


violet region, that some of them are of the 7 —> 7* type, and that these may be of 
greater magnitude than the one that has been observed ele 
A fortunate consequence of our observation of a Cotton effect was that it first BY ke 


sensitized us to the existence of minor discontinuities in the absorption spectrum of 


polynucleotides As in the case of poly A (cited above) we have observed diffuse fine 
structure on the long wave length side of the DNA absorption spectrum. This is 
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evident in Fig. 11, where it can be seen that the prominent shoulder which approxi- 
mately coincides with the region of the observed Cotton effect disappears upon 
thermal denaturation of the DNA. 

It is apparent from our preliminary exploration of the optical rotatory dispersion 
of DNA in the region of its near ultraviolet absorption that this region is rich with 
information which may ultimately prove useful in understanding the molecular 


structure of nucleic acids. 


ABSORPTION SPECTRUM OF CALF THYMUS DONA 


259 mox 


DENATURED 


300 


Fic. 11 ltraviolet absorption spectra of native and heat denatured calf thymus DNA.** 


Vote added in proof: By suitably increasing the photosensitivity of the Rudolph 
spectropolarimeter we have now been able to extend the dispersion measurements 
through the near-ultraviolet absorption band of nucleic acids.*' Native nucleic acids 
contain several closely spaced Cotton effects which have been sorted out into those 
due to n-» 7* and 7 -—> w* transitions. The Cotton effect profiles for native RNA 
and DNA, and their dependence on secondary structure have features of similarity 
consistent with these two types of nucleic acids having a common element of helical 
structure. The differential sensitivity to denaturation which the two types of electronic 


transitions exhibit in both RNA and DNA is indicative of the differential influence of 


hydrogen bonding between bases and the stacking of base pairs in helical poly- 


nucleotides 


icknowledgements—Various aspects of the experimental work emanating from this laboratory have 
been carried out in collaboration with Professor Paul Doty, Mrs. Elizabeth Klemperer, Mr. Robert 
Gorn and Mr. Richard Blake. I| have profited also from enlightening discussions with Professor 
Michael Kasha and Dr. Helga Boedtker 
Much of the work described here was carried out with the support of grants from the United 
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STUDIES ON THE SECONDARY STRUCTURE OF 
NUCLEIC ACIDS BY MEANS OF OPTICAL 
ROTATION* 


P. O. P. Ts’o and G. HELMKAMPT 


Division of Biology, California Institute of Technology, Pasadena, California 


THe success of employing optical rotation and rotatory dispersion methods for 
studying secondary structures of proteins and polypeptides has been well demon- 
strated in the literature,'~* as well as in reports given in this conference. Recently this 
technique also has been applied profitably to a study of the secondary structure of 
nucleic acids.’ By the use of this method we have been able to obtain certain inter- 
esting information about nucleic acids in vitro, for it was found that the organic sol- 
vents formamide and dimethyl sulfoxide have profound effects on the secondary 
structure of DNA and RNA At times, it was necessary to supplement optical rota- 
tion data by measurements of ultraviolet absorption of these solutions or by analyses 


of the analytical ultracentrifuge. 


The specific optical rotation, [x], of a solution containing equimolar amounts of 


deoxyribonucleotides and ribonucleotides is low (slightly levorotatory, depending on 
the isomers of the nucleotides used) with respect to that of the individual nucleotides, 
and it is essentially independent of temperature between 25° and 90°. On the other 
hand, the specific rotation of either the biosynthetic polynucleotides or the naturally 
occurring nucleic acids is strongly dextrorotatory (see Fig. | for pea microsomal RNA) 
and is greatly influenced by temperature. The decrease of dextrorotatory optical 
rotation of these nucleic acids has been shown to be related to the rupture of intra- 
molecular hydrogen bonds and the transformation of helical conformation to random 
conformation*~* reminiscent of that of the polypeptides.’ 

The specific optical rotation of calf thymus DNA as a function of temperature is 
given in Fig. 2A, the results showing close agreement with those published by the 
Harvard group.® The specific rotation is only weakly dependent on temperature§ 
until near 80° in this particular buffer, then it drops abruptly within a narrow zone 
of temperature referred to as the “melting temperature” or “temperature of transi- 
tion”. The DNA, once so heated, gives a rotation vs. temperature curve different from 

vas supported in part by the National Institutes of Health, U.S. Public Health Service 
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f C rotatory power belore the transition temperature was also observed 


mati iIncrcasc 
No clear explanation has been suggested 


Blout in Optical Rotatory Dispersion (Edited by C. Djerassi) p. 238. McGraw-Hill, New York 
(1959) 
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-P Doty, H. Boedtker, J. R. Fresco, R. Haselkorn and M Litt, Prox Natl. Acad. Sci 45, 482 (1959). 
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that of non-heated DNA, indicating irreversibility in the process of loss of helical con- 
formation. The once-heated DNA exhibits cyclic reproducibility of rotation vs. 
temperature curves between 25” and 90”, with the absence of any narrow zone of transi- 
tion temperature. A comparable result was obtained from the measurement of the 
temperature dependence of optical density for the DNA solution (hypochromic effect) 
as shown in Fig. 2B. An increase of optical density of nucleic acid solutions had also 
been related to the loss of hydrogen bonding and helical structure. The once-heated 
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Fic. 1. Optical rotatory dispersion of pea microsomal RNA 
DNA again gave reproducible optical density vs. temperature curves cyclically, with- 
out a sharp transition zone of temperature, in contrast to the behavior of the un- 
heated DNA. In this communication, any DNA will be referred to as denatured if it 


gives the rotation or optical density characteristics of that of the heated DNA (above 
90° for 15 min). 
In contrast to the DNA pattern, both the specific rotation vs. temperature and 


optical density vs. temperature curves of ribosomal RNA are smooth, without a 
narrow zone of transition temperature (Figs. 3A, B). Furthermore, they are essentially 
reversible, with only slight changes in magnitude and general shape of the curves.* 
In other words, although the RNA at 25” is likely to have a higher degree of hydrogen 
bonding and helical conformation than the RNA at 90°, the heated and unheated 
materials cannot be distinguished from each other by the dependence of their optical 
rotation or optical density on temperature; another measurement is required to 
identify the material with a history of heat treatment. 


* Heating RNA in the buffer used for these measurements caused a drop of about 5°, in the specific 
optical rotation after 20 min at 95 
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(A) specific optical rotation 


Upon examination in the ultracentrifuge, the pea microsomal RNA consists of two 
components with sedimentation coefficients of 2728S and 17-18S (Fig. 4A).° After 
heat treatment at 85-95° for 10-15 minutes, it exhibits only a broad boundary of 
about 8-11S (Fig. 4B). Therefore, by analyses of ultracentrifuge, it ts possible to 
detect RNA which has been once heated to a point where it has lost its intramolecular 


hydrogen bonding and original helical structure. 


* P.O. P. Ts'o and R. Squires, Fed. Proc. 18, 341 (1959) 
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(B) 


Fic. 3. Pea microsomal RNA. Temperature dependence of (A) specific optical rotation, 


and (B) optical density at 260 mu 


The specific rotation vs. temperature curves given by DNA and RNA in form- 


amide, dimethyl sulfoxide, and buffer are shown in Figs. 5A, B. The specific rotations of 
either DNA or RNA in these organic solvents are very low, or even negative, and essen- 


tially independent of temperature. These results suggest the loss of helical conforma- 


tion of these nucleic acids while in solution in these organic solvents. The uncertainty 
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of other solvent effects on the optical rotation does exist, however, since free nucleo- 
tides in formamide or dimethyl sulfoxide tend to give more negative values than those 
obtained in aqueous solution 

After DNA and RNA had been dissolved in the two indicated organic solvents at 
room temperature, and without any heating, they were recovered by precipitation 
procedures and redissolved in aqueous buffer. It was apparent that the graphs of 
specific optical rotation vs. temperature and optical density vs. temperature from this 
recovered DNA (Figs. 6A, B) have the same characteristics as those of heat-denatured 


DNA, even though the DNA had never been heated higher than about 25° while in 
tion. The data, th loes indicate that DNA 1n solutions of formamide 
thyl sulfoxide at low temperatures loses most of its helical conformation just 


bufler at 90 


a 


ior of DNA, the graphs of specific rotation vs 


temperatu ig. 7) and optical density vs. temperature for the recovered RNA are 


very similar 1 lat e original RNA. This is not surprising since the curves of 
heated and unheated RNA also show no variation. Ultracentrifuge analysis, however, 
shows the recovered RNA with a broad boundary with an average sedimentation 
coefficient of 8-10S (Fig. 4C, D). Thus the ultracentrifuge pattern of the RNA 
recovered from the organic solvents is similar to that of the heated RNA (Fig. 4B) but 
vastly different from that of the native, unheated RNA (Fig. 4A). These results again 
suggest that RNA in solution of these two organic solvents at room temperature loses 
most of its ordered secondary structure 

Titration of buffer solutions of the nucleic acids with formamide or dimethyl 
sulfoxide at a given temperature was followed by means of specific rotation measure- 
ments. DNA gave a sharp transition zone at 58 volume per cent (28 mole per cent*) 


* Deviations in volume from ideality of up to 3°, were not considered in making calculations of specific 


rotations 
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Fic. 5. Temperature dependence of specific tical rotation for (A) DNA, and (B) RNA 
in formamide; @—@—. in dimethy! sulfoxide , in buffer 
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ty tor call 


formamide 


dimethyl sulfoxide and 70 volume per cent (51 mole per cent*) formamide (Fig. 8). 
RNA, on the other hand, gave a curve (Fig. 9) which, with appropriate coordinate 
scale, could be superimposed on that of the typical rotation vs. temperature curve. 


It should be mentioned that the DNA solution in an organic-aqueous mixture having 


the same composition as that for the transition zone exhibited a decrease of specific 


rotation with time which finally reached an equilibrium value. The kinetics of the 
denaturation process could then be studied 
The system of nucleic acid solutions in mixtures of buffer and formamide or 
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dimethyl sulfoxide is reminiscent of that of the synthetic polypeptides such as poly-y- 
benzyl glutamate in chloroform-dichloroacetic acid.'* The helix-coil transformation 
in the case of the synthetic polypeptides is reversible, but that of the nucleic acids is 
not. Thus, a process of denaturation for both DNA and RNA is available at room 
temperature. In this process, the danger of unwanted chemical or enzymatic hydroly- 
ses accompanying the rupture of hydrogen bonds is likely to be avoided. Information 
of the physical chemical properties of nucleic acids in these solvents (such as molecular 


weight) will be of great interest. 
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Pea microsomal RNA was prepared according to the method described previously.” Immediately 
after preparation it was quick-frozen in buffer solution and stored at SO until needed. Solutions in 
the 2 organic solvents could be prepared directly from the precipitated RNA (isolated from buffer 
solution by the addition of 3 volumes of cold ethanol and washing with absolute ethanol). Isolation 


from formamide solution was carried out by precipitation with 2 volumes of buffer and 6 volumes of 


* W. F. Dove, F. A. Wallace and N. Davison, Biochem. Biophys. Res. Com. 1, 312 (1959) 
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ethanol at ice temp. Last traces of solvent could te removed by repeated washing with absolute 
ethanol or ethyl ether; or by rediss olving the precipitate in buffer and separating it a second time by 
alcohol dilution. The addition of 2 parts benzere ard 2 farts ethanol (ethyl ether can be substituted 
for benzene) brought about precipitation of RNA from dimethyl sulfoxide. Measured physical 
constants were +170°, and +370 

The organic solvents were 99°, formamice (Eastman White Latel), ard practical grade dimethyl 
sulfoxide (Eastman) with a m.p. of about 18 The aqueous solvent was an 0-1 M acetate buffer at pH 
5-5 containing 0-1 M sodium chloride and 0-001 M magnesium chloride 

Instrumentation and methods of analysis. Measurements of optical rotations were made on a 
Rudolph Model 200S polarimeter with oscillating polarizer and xenon and mercury arc lamps. The 
polarimeter tubes were of unitized glass construction Ww ith water jacket, center-fill device, and quartz 
windows. The windows were sealed to the optically ground tute ends with an epoxy resin, Epocast 
502. Although some problem of strain birefringence may have been inherent in the system, it was 
possible to reproduce zero readings at various temperatures with pure solvents in the polarimeter 
tubes. In most of the measurements it was possible to duplicate results on the instrument to better 
than +2° 

Optical density measurements were made with a Beckman DK-2 ultraviolet spectrophotometer 
fitted with a modified temperature control device. Quartz cells were fitted with 20 mm immersion, 
standard taper thermometers for direct reading ol solution temperatures. The cell compartment 
cover was adapted to pass the calibrated portion of the thermometer 

Analysis for the concentrations of nucleic acids was made indirectly by the colorimetric phosphate 
determination described by Allen’®, employing a Beckman DU spectrophotometer, Direct perchloric 
acid digestions were carried out only on the aqueous and formamide solutions. The thymus DNA 
was calculated to contain 9:30°, phosphorus" and the microsamal RNA 9-09 

Analytical ultracentrifugation was performed in the Model E ultracentrifige, Spinco Division, 
Beckman Inc., with phase-plate schlieren optics and with ultraviolet absorption optics The 
instrument was provided with a temperature control system The absorption patterns were taken on 
commercial film with a 20 second exposure time on solutions of O D.**° of 1-0 in 12 mm Kel-F cells. 
The photometric records were within the linear range of the characteristic curve of the film as shown 
by the trace of exponential aperture’* in the counter balance cell in each run. The films were traced 
with a Double-Beam Recording Microdensitometer, Joyce Lobel Co., Newcastle upon Tyne, England. 


The direction of sedimentation of all the patterns is from left to right 
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ROTATORY DISPERSION STUDIES OF BIOLOGICALLY 
ACTIVE METALLOPORPHYRIN COMPOUNDS 


G. L. EICHHORN 
Gerontology Branch, National Heart Institute, 
National Institutes of Health, PHS, D.H.E. and W., Bethesda, 
and the Baltimore City Hospitals, Baltimore, Maryland 


Metal atoms as asymmetric centers 

THE recent application of rotatory dispersion studies in the elucidation of structures of 
biologically important molecules has involved consideration of two types of asym- 
metry; namely, the asymmetry of single carbon atoms, and the asymmetry due to the 
handedness of coiled macromolecules such as proteins and nucleic acids. Since many 


biomolecules contain metal atoms, and since such metal atoms can also give rise to 


asymmetry in the molecules, the presence of the metal atoms constitutes a third factor 


influencing the rotatory dispersion. Because the metal atoms frequently coincide with 
the site of biological activity, any experimental technique that focuses upon the metals 
should yield valuable clues about the structure of such molecules at important locations 
within them 

Many metallo-biological molecules contain the metal attached to a porphyrin, and 
it is with this class of compounds that the present discussion shall be concerned. The 
most frequent combination of metal and porphyrin that is encountered is the iron 

> 


complex of protoporphyrin, called heme when the iron is in the 2 oxidation state: 


the structure of heme is as follows 


CH, CH=CH, 


Examination of this structure reveals that it does not have a plane of symmetry out- 
side the plane of the porphyrin. The plane of the porphyrin itself is therefore the only 
plane of symmetry that can be drawn through the iron atom in any molecule of which 
heme is a constituent. 

[he iron atom is hexacovalent, and has its six bonds oriented toward the six cor- 
ners of an octahedron. Four of the bonds are the iron-nitrogen bonds to the porphyrin; 
the other two bonds serve to attach the iron to the remainder of the biological molecule 
or to small molecules that have a biological function. It is the nature of these bonds 
perpendicular to the plane of the porphyrin that determines whether or not the iron 
atom is an asymmetric center of such a molecule. The two possibilities are exemplified 


208 


= 
2 
* 
a 
¥ 
+ 
F 
N ON 
F 
e 
N N 
HOC H2 CH; CH, 
4 
4 


Metalloporphyrin compounds 209 


by a comparison of hematin and hemochrome! whose structures are as follows (only 
the nitrogen atoms of the porphyrin are shown): 


CH 


NH, 
Hematin Hemochrome 


It is observed that hematin has a hydroxide ion attached to the iron on one side of the 
plane of the porphyrin and a water molecule on the other. The only possible symmetry 
plane has thus been destroyed, and the iron is asymmetric. In hemochrome, however, 
the substituents on both sides of the porphyrin plane are alike and, therefore, the iron 
atom is not asymmetric. 

A second factor that determines the presence or absence of an asymmetric iron 
atom in such compounds can be understood by analogy with the following two com- 


plexes of cobalt: 


CH2 


The cobalt is not asymmetric in the hexammine complex, although it is asymmetric in 
the tris-ethylenediamine complex. In both compounds, the same molecules are attached 
to cobalt on both sides of the plane, but symmetry around the iron atom is pre- 
vented by chelation in the latter. It is thus possible to conclude that the iron atom will 
be an asymmetric center in all heme-containing compounds if (1) the two groups 
attached to the iron perpendicular to the porphyrin plane are different, or (2) the per- 
pendicularly attached groups are also attached to porphyrin side chains thus producing 


a chelate structure such as that of tris-ethylenediamine-cobalt. 


Cytochrome-c 

Some of the known features of the structure of cytochrome-c are incorporated in 
Fig. 1. The iron atom is coordinated to protein through its fifth and sixth coordination 
positions, probably through histidine imidazole nitrogen atoms.* The protein is also 
attached at two places to protein side chains by the addition of two cysteine sulfhydryl 


groups to the double bonds of the two vinyl groups of protoporphyrin.’ The partial 


' R. Lemberg and J. W. Legge, Hematin Compounds and Bile Pigments pp. 169, 174 Interscience, New 
York (1949) 
* H. Theorell and A. Akesson, J. Amer. Chem. Soc. 63, 1818 (1941); E. Margoliash, Nature, Lond, 175, 293 
(1955). Note added in proof: It now appears more likely that only one of the protein donors is a histidine 
imidazole. E. Morgoliash, N. Frohwirt and E. Wiener, Biochem. J. 71, 559 (1959) 
* H. Theorell, Biochem. Z. 298, 242 (1938); 301, 201 (1939) 
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determination of the amino acid sequence* has re ealed that the amino acids are not 
the same on opposite sides of the plane of the porphyrin Thus both of the conditions 
which separately lead to an asymmetric iron atom are met by the cytochrome-« 


molecule 
It is expected, therefore, that cytochrome-« should exhibit a Cotton effect in the 


nspection of known structural 
features of cytochrome-c has thus been s } manifest itself in the rotatory dis- 
persion of the molecule. The possibility, therefore, presents itself that differences in the 
‘H. Tu y and G. Bodo, Monatsh 85, 807 1024, 2 (1954) H. Tuppy and S. Paleus, 4icta Chem. Scand 


9 
iG ’ rn and airn rure na , 994 (1958). 
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structures of hemoproteins could become correlated with differences in the rotatory 
dispersion curves, So that this technique could be developed for the study of hemo- 
protein structure as Dierassi has developed it for the study of the structure of steroids. 


Attempts to obtain such correlation directly from the hemoproteins are compli- 


cated by the large gaps in our knowledge of the structure of these substances, as well as 


by the uncertainty about changes in the protein that might accompany changes in the 
iron coordination sphere. Vitamin B,,. can, however, serve as a useful model for the 
has been ex- 


hemoproteins, because the position of all of the atoms in vitamin B,, 
plicitly determined,® and changes in the coordination sphere of the metal are easily 


brought about. 


Vitamin By. 

Vitamin B,., or cyanocobalamin, is unlike the hemoproteins in that it contains 
cobalt, rather than iron, in that the porphyrin lacks a carbon atom and is partly 
saturated, as well as in that no protein is linked to the metal (see Fig. 3). It resembles 
the hemoproteins in that the metal is attached to four nitrogen atoms in a porphyrin- 
like structure, and in that one of the remaining two coordination positions of the 
hexacovalent cobalt is held by an electron donor which, in turn, 1s attached to the side 


s B. Bonn tt, J R. Cannor 4. W. Johnson, I. Sutherlar Todd, and I Lest. Smit! vture. Lond 
176. 328 (1955): D. C. Hodgkin, J. Pickworth, J. H. Robertson, K. N. Trueblood, R. J. Prosen and J. G. 


White, /bid. 176, 325 (1955) 


g 
| mowed | 
| 
( ay 
t 
| 
| 
| 
| 
| | 
4 
| 
a Fic. 2. Rotatory dispersion curve or cytoc me 


212 G. L. Ercnnorn 
chain of the pseudoporphyrin. The sixth position in cyanocobalamin is occupied by a 
cyanide ion, so that the configuration around the cobalt can be represented as follows: 


CN 
N 


Cyanocobalamin, ie | ye) ins, has asymmetry in addition to that around the 
metal | icen a irbon aton intine n olec uic. These should con 
tribute € tical activit it should t th Ives exhibit a Cotton efilect in the 


visible 


dispersion of cyanocobalamin 
the optical activity 


than the maximum at 


ibout the substitution of the 
coordinated cyanid vater molecul ‘ balt-carbon bond is thus replaced 
by a cobalt—oxvge md. It nificant that such a change in the cobalt coordination 
sphere, even though it results in © spectri ¥ i hot cause any detectable 


difference at all in tl rsion curve. Evidently, if it is possible to general- 


ize from this observation, rotatory dispersion curves are not likely to be useful in the 


study of such substitutions in hemoproteins 
When cyanocobalamin is made strongly acid, the bond from cobalt to the benzimi- 
dazole, in addition to that to cyanide, is broken.” The spectrum and rotatory 


G hhorn and teva npub ed observations 
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dispersion of the resulting compound, which contains the or iginally chelated group now 
attached only to the side chain of the pseudoporphyrin, are shown in Fig. 5.’ It thus 
appears that, although the substitution of one small molecule for another in the cobalt 


coordination sphere does not affect the rotation, a change in the shape of the molecule, 


such as is produced when the benzimidazole link is broken, affects the rotation signi- 


ficantly. 
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When the cobalt atom is reduced from its oxidation state of +-3 in the unaltered 
vitamin to +-2, the spectrum is changed very considerably, but the rotatory dispersion 
curve is displaced relatively little, as shown in Fig. 6.7 Apparently the oxidation state 
of the metal, in this instance as well as in cytochrome-c, has not greatly affected the 
rotation. When. however, the reduced cobalt is reoxidized to the +-3 state, the optical 
rotation becomes low at all points. It has been observed that when the cobalt is reoxi- 


dized in this manner, the vitamin B,, molecule dimerizes;* the present phenomenon is 
interpreted as indicating that the loss of rotation results from internal compensation of 


the activities of two cobalt atoms in the same molecule. Treatment of the reoxidized 


B,, Reduced 
—— rotation 
--- spectrum 


B Reoxidized 


5( 


WAVELENGTH,IN 


molecule with hvdroxide ion. cysteine, or human serum albumin results in the re- 


appearance ol strongly rotating substances: in each case, the rotatory dispersion 


curve looks somewhat like a mirror image of the curve of the reduced vitamin treated 
in the same manner. (Fig. 7 shows the effect with HSA."). It is possible to explain this 
phenomenon by supposing that the three reagents attack the oxidized dimer (B) on the 
side of the cobalt atom opposite that to which cyanide was originally attached. The 
benzimidazole group is then forced to swing around and coordinate to the cobalt in 
such a manner so as to produce a molecule (C) that ts essentially an antipode of the 
intact vitamin (A); this hypothesis is depicted in Fig. 8. 

It is possible alternatively to explain this “mirror image” effect by supposing that it 
merely accompanies the shift in the spectrum. The former explanation is preferred, 
because of the large differences in the dispersion curves of the reoxidized vitamin (e.g., 
Fig. 7B) and the original cyanocobalamin (Fig. 1B); treatment of the latter with 
hydroxide ion or cysteine produces rotatory dispersion curves that are identical to 
Fig. 4B. The evidence for the inversion mechanism is, however, not conclusive. 


® B. Jasclkis and H. Diehl, J. Amer. Chem. Soc. 80, 2147 (1958). 
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fact that rotatory dispersion cannot differentiate between a cobalt-carbon and a 
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cobalt-oxygen bond in vitamin B,,. The results with vitamin B,, lead to the expecta- 


tion that differences in the rotatory dispersion curves reflect extensive changes in the 
molecular configuration surrounding the metal. It seems reasonable, therefore, that 
rotatory dispersion can be profitably applied to structural studies of hemoproteins that 
contain more than one molecule of heme per molecule of intact hemoprotein. A com- 
parison of the rotatory dispersion of the intact molecule with that of amolecule that has 
been cleaved represents a comparison of the symmetries around the heme group in the 
intact and divided molecules, and can thus lead to an understanding of the relationship 
between heme and proteins in such molecules. Both hemoglobin and catalase contain 
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four hemes; the following accounts demonstrate the use of rotatory dispersion meas- 
urements in structural studies with each of these substances. 

The hemoglobin molecule contains two pairs of polypeptide chains; the chains of 
each pair are identical but different from the chains of the other pair.’° Each poly- 
peptide chain is associated with one heme group. It has been shown that the intact 
hemoglobin molecule containing four hemes can be split into half molecules, each 
retaining two hemes. Iwo methods for producing half molecules, though not neces- 
sarily the same halves, are the addition of base™ and the addition of urea.” The 


rotatory dispersion curves of a sample of horse hemoglobin before treatment,” and 
after treatment with base, or with 8-molar urea, are shown in Fig. 9." It can be seen 
that the Cotton effect present in whole hemoglobin is retained in the pH 11 half-mole- 
cules; the shape of the curve ts essentially unaltered, although the negative rotation 1s 
enhanced at all wave lengths. It is concluded that the half-molecules at pH 11 are 
slightly denatured, but that the heme-protein relationship remains unchanged. 

In 8-molar urea. on the other hand, there is a much more drastic increase in the 
negative rotation values, and the Cotton effect becomes less significant. It appears 
that 8-molar urea produces much more extensive denaturation than alkali, and pos- 
siblv the svmmetry around the heme is increased. At any rate, the half-molecules that 
are formed by the two different treatments are significantly different from each other. 

W.A.S ocder at J. Amer. Che S 79, 4682 (1957) 
N.M 
123, 543 (1938); 
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The results with catalase are somewhat more interesting. Tanford' has demon- 
strated that catalase is broken up into quarter molecules at pH 11, each quarter mole- 
cule containing one heme group. The spectra" of catalase at pH 7-5, where it is whole, 
and at pH 11, where it is quartered, are compared in Fig. 10, and it can be seen that 
they do not differ in any important manner, both exhibiting a maximum at approxi- 
mately 620 mu. The rotatory dispersion curves, shown in Fig. 11, are, on the other 


pH 7-5; B, pH 11-0 


itory dispersion ase A, pH 7°5: B, pH 11-0 


hand, exceedingly different ;'° at pH 7-5 the curve has a Cotton effect in the anticipated 


region, whereas at pH 11 the dispersion is “simple’’, leading to a value of /,. of approxi- 
mately 210 mu. This difference is interpreted by the hypothesis that each quarter 
molecule of catalase is surrounded by a polypeptide chain in an essentially sym- 
metrical manner, so that the iron atom is not an asymmetric center. However. 


16 C, Tanford and R. E. Lovrien, Abstracts, 135th Meeting, Amer. Chem. Soc. p. 14C. Boston, April (1959). 
16 A. Osbahr, Thesis, Georgetown University (1960). 
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association of the four quarters in the intact catalase molecule produces asymmetry. 


One way in which this can happen is shown below 
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LIQUID-CRYSTALLINE STRUCTURES 
POLYPEPTIDE SOLUTIONS 


CONMAR ROBINSON 
Courtaulds Ltd., Maidenhead, Berks 


INTRODUCTION 
IN this paper the remarkable properties, including the very high optical rotatory power, 
of a liquid crystalline phase which is formed by certain polypeptide solutions will be 
discussed. 

Although liquid crystals have attracted much interest since their discovery in 
1888" (a recent review article contained as many as 475 references) many physical 
chemists seem to be unfamiliar with the subject. It may therefore be helpful to state 
briefly what is meant by this rather unsatisfactory term. 

Most crystals pass directly at their melting point from the crystalline state to an 
isotropic liquid, but many crystalline solids pass through one or more mesophases 
which, though birefringent, are more or less fluid. These mesophases have various 
degrees of organisation but most can be described by one or other of two terms intro- 
duced by Friedel: smectic and nematic.® 

In the smectic structure the molecules are arranged in layers, which are themselves 
arranged in families of closed surfaces known as Dupin cyclides, which give rise to 
focal conics which are visible in a polarization microscope and can be used for the 
identification of such structures. These smectic structures and the microscopic patterns 
associated with them have been adequately described elsewhere.** The nematic 
structure, which is the only one of the two classes with which this paper is concerned, 
has a lower degree of organization that the smectic; there are no layers, but the mole- 
cules are arranged with their long axes parallel, while being free to move relative to 
one another in the direction of these axes. Friedel also described a third. though less 
familiar, type of structure, met with chiefly in esters and ethers of cholesterol, which is 


related to the nematic structure but which has a higher degree of organization. In 


what follows it will be found that these last have much in common with those which 


have been found to occur in certain polypeptide solutions. 

A given material may form one or several mesophases each of which is stable 
between two well defined and reproducible transition temperatures and the tempera- 
ture range over which any one is stable may cover a considerable number of degrees. 
These mesomorphic forms are not only produced on heating certain solids but with 
some substances (e.g. soaps, and the polypeptides to be discussed in what follows) on 
adding a limited amount of a suitable solvent. In these cases the mesophase may be 
stable over a considerable and reproducible range of concentration, which will, how- 
ever, depend on the temperature. Such mesophases, whether formed by changes of tem- 
perature or addition of solvent, are generally called liquid crystals or liquid crystalline 
' F. Reinitzer, Monatsh. Chem. 9, 421 (1888) 
?G. H. Brown and W. G. Shaw. Chem. Rer. 57, 1050 (1957). 


* G. Friedel, Ann. Physique 18, 273 (1922) 
* N. H. Hartshorne and A. Stuart, Crystals and the Polarization Microscope (3rd Ed.). London (1960). 
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structures. The term “liquid crystals” is somewhat inadequate and slightly misleading, 
but, as it is established by long usage, it will be used in this paper. It should be 
stressed that these mesophases are definite forms of matter, a knowledge of which is 


essential for the full understanding of any material which can give rise to them. 


The liquid-crystalline phase in poly-y-benzyl-L-glutamate 

Solutions of poly-y-benzyl-t-glutamate (PBLG) in certain solvents (¢.g. dioxan, 
methviene chloride. chloroform. m-cresol) when above a certain concentration, A, 
separate into two liquid phases, the phase of higher concentration being spontancously 
birefringent.’»** If the concentration ts above a still higher concentration, B, only the 
birefringent phase will exist. The values of A and B in a particular solvent depend on 
the molecular weight of the polymer, the birefringent phase appearing at a lower con- 
centration with a higher molecular weight. The birefringent phase often first separates 
in the form of liquid spherulites, that ts to say, birefringent liquid spheres showing a 
} 


black maltese cross when observed between crossed polars.* On cooling or concen- 


trating the solution these spherulites grow in size and eventually coalesce to form a 
continuous phase. Alternatively if the continuous phase is disturbed, long viscous 
streamers or filaments may separate from it which, as the disturbance ceases, break up 
into spherulites. The size and stability of the spherulites is very variable, depending as 
it does on numerous factors (density of solvent, interfacial tension, concentration, 
viscosity, purity, etc.) 

The black maltese cross together with the sign of the birefringence indicate that the 
major refractive index, which here means the molecule, lies tangentially rather 
than radially. Much more remarkable, however, is that both the spherulite and the 
continuous birefringent phase show equi-spaced alternate dark and light lines (Fig. 1) 
which are visible even in natural light. The periodicity of these lines, 5, depends on 
concentration, solvent, temperature, etc., but has a reproducible value, for any one set 
of conditions and may be as large as 100 u or too small for the microscope to resolve. 
The periodicity is independent of the arrangement of the lines (c.g. whether parallel 
lines or concentric curves are observed), the optical system, or the shape of the vessel. 
Between crossed polars periodic retardats jours are seen, and, by using a quartz- 
wedge it can be shown that the retardation plotted against distance in a direction at 
right angles to the lines has an oscillating value and forms a smooth continuous curve. 

Figs. 2 and 3 show a particularly large and regular spherulite. It will be seen that it 


shows one radial line of dislocation, or rather “‘disinclination”, as Frank has called 
such lines in liquid crystals.° Each spherulite contains one, and only one, such radial 
line. The spherulites therefore, although fluid, have polarity. Similar lines. of disin- 
clination are also to be seen in the continuous phase. 

This description of the spherulites at once makes it apparent that we are concerned 
with a liquid crystalline structure of unusual interest. To understand the nature of this 
structure it will be simpler to consider the patterns that arise in a flat rectangular 


cell, say | cm square and | mm deep. After filling the cell families of equi-spaced lines 


gradually appear, those near the edge being parallel to the sides of the cell. Further 


* The word pol s used f itl : larizer or an analyser. 
C. Robins 
% A. Elliott and E. J. Ambros Farad oc, 9% 246 (1950). 
* F. C. Frank, Disc. Faraday 29 (1958) 
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3. The same spherulite as in Fig. 2, but in natural light 


Fic. 4. Uniform areas in rectangular cell. (1 cm Ilom 0-1 cm). Magnification 
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Fic. 5. Uniform areas with surrounding system of periodic fines. Solution of PBLG in dioxan 
in circular cell, 1 mm deep. The line system is largely concentric with the circumference of the 


cell, a small arc of which can be seen in the top left-hand corner. S$ 214. Polarsat45, a 
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from the sides the cell becomes filled with groups of equidistant lines grouped in com- 
plicated and irregular patterns. These groups of lines are seen to undergo gradual 
rearrangement towards a simpler and more uniform pattern. Sometimes sudden 
rearrangements take place, the movements being somewhat similar to those of bubbles 
coalescing in a foam. As time goes on small, clear, polygonal areas appear which con- 
tain no lines but which are framed in continuous lines which lie parallel to the sides of 
the polygon (the corners of the polygon may be rounded and in some cases the whole of 
a side may be curved) (Figs. 4and 5). These uniform areas tend to grow in size, neigh- 
bouring areas coalescing to form a larger area. The appearance of the parallel lines at 
once strongly suggests that we are looking at layers seen edge on, and, if we imagine the 


clear uniform areas to be layers lying parallel to the cover glass, the whole arrange- 
ment suggests groups of boxes, one inside the other, and each such group packed 
closely among its neighbours (Fig. 6). Actually, as we shall see, it is not necessary to 
assume the existence of such /ayers as distinct from p/anes in which the preferred 
orientation of the molecules 1s uniform. 

rhe uniform areas when seen between crossed polars are generally brightly and uni- 
formly coloured. On rotating the stage of the microscope this colour does not change, 
but if the analyser is rotated, the colour changes continuously. The colour, in fact, 
arises from a very high optical rotatory power with a corresponding optical dispersion, 
so that the extinction position for light of each colour differs considerably and conse- 
quently when using white light some colour is always subtracted whatever the position 
of the analyser. If the concentration was not too high, areas which were sufficiently 
large and uniform for quantitative observations were frequently obtained, but with 


higher concentration the experimental difficulties increased. With the specimens which 
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gave these suitable areas the optical rotation could be measured correct to about 3° 


by using the polarization microscope as a polarimeter. 


The structure in the liquid-crystalline phase 

For the purpose of this general account of the phenomenon it w ill be convenient at 
this stage to describe the structure which we have put forward to explain these observa- 
tions, rather than to give the detailed arguments which lead to its proposal and which 


can be found in the original papers." Afterwards we shall consider the quantitative 


observations which confirm our belief in the existence of this structure. 


Mode 


The structure may be looked upon as deriv ed from a nematic structure by superim- 
posing on it an axis of torsion of uniform p tch at right angles to the long axes of the 
ht angles to this axis, the pre ferred 


ms 


molecules. Consequently if we consi 


orientation cf the molecules, though right angles to it, will change contin- 


vously along its length and the same orientation will be repeated at equal intervals 
Z is the axis of torsion and X, Y, Z is a cartesian 


coordinate system. A number of equally spaced planes at right angles to Z and some 


The model is shown in Fig. 7 where 


arbitrary distance apart are shown >The long axes of the molecules lie in these planes 


h one is indicated by a double headed arrow. If a volume of 


and their orientation in eac 
to the Z axis. maxima in the major refractive index 


anel 


solution is obser at € les 
and birefringence w ybserved along parallel lines where the molecules are at right 
» the direction observation and minima where the molecules are parallel to 


ction of observation, so that the periodicity 5 wille jual half the pitch of the 


volume is observed in a direction parallel to 


ill be seen, but a high degree of optical rotation 


is dependent on solver oncentration and temperature 
which these are uniform 
y from place to place throughout the 


three dimensional pattern thus produced may be called the fexture of 


f this word by Friedel® when describing liquid-crystals. ) 


lowing the use o 


fextures but all \W ill have the same structure A special case is 


Thus we mi 
of the texture arises from the spherical shape 


that of the spherulite ere the nature 


imposed by the interf icial tension A very elegant explanation of the spherulitic 


pattern has been given by Pryce and Frank® and this is consistent with the structure of 
volume of the spherulite (small compared to the spherulitic pattern, but 


any small 
except in the 


large enough to contain manv molecules) being as shown in Fig. 


vicinity of the line of disinclination. Figs. 10 and 11 of reference 6 show two different 


textures, each of which has formed in a capillary 


Robinson an d ture, Lond. 180, 1183 
*C. Robin rd ‘ B. Beevers, Disc. Farac 


25, 29 (1958) 
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De Vries’ theory of cholesteric liquid crystals 

A similar twisted structure has been proposed by de Vries’ to explain the optical 
rotatory power of some esters and ethers of cholesterol. These materials show a very 
high form-optical-rotation which is associated with periodicities, smaller than those we 


have so far described as occurring in the polypeptides, but which can be made visible as 


bright and dark lines by filling a wedge-shaped space in cleft mica with the substance. 


These have been interpreted by some authors, including Friedel, as intersections of 
planes (Grandjean planes) in the liquid crystal by the boundaries. De Vries derives 
an equation relating the optical rotatory power to the pitch of the torsion, the wave- 
length of the light and the birefringence of what may be called the untwisted medium. 
Data were not available for him to verify this relaionship for cholesteryl compounds, 
but the polypeptide solutions with their larger spacings, the size of which can be 
varied over a wide range by altering the concentration or the solvent, are more suitable 
for the necessary measurements. When the spacings in the polypeptide solutions are 


large enough, a simplified form of de Vries’ relation may be used, as has been shown by 


Dr. Ward of this laboratory. The conditions under which ified equation 
be explained as follow. (For a full understanding « Vries’ theory his 

iginal paper should be 
7) is that the 
s deals with 
» that in 


e station- 


which 
A 
— 
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ictive index, 
| th 
mpare * theoretical conclusions with our ext eriments 


a relation between « and n is required, 
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*H. de Vrie icta Cryst. 4, 219 (1951). 
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In practice nis always small compared with N, so that n*/2 may be neglected compared 


with 2N*, so we may write 


(-) 
SA*(1 


4 
When pay? is small compared with unity the formula 


reduces to 


radians/micron 


4-5 10' degrees/micron (3) 


where P and A are in microns. The negative sign indicates that the optical rotation is in 
the opposite sense to that of the helical twist « torsion. This is an important point 
since it means that the sense of t wist can termined simply from the sign of the 
optical rotation. (This formula is identical with that derived by Maugin" for a pile of 
birefringent plates arranged helically by using the Poincaré sphere and rolling cone, to 
explain the optical rotation which is produced by rotating the cover glass over a nematic 
liquid crystal (azoxyphenetol) through an angle. His treatment neglects reflections at 
the interfaces between the plates and assumes that the thickness of the plates are large 
compared to the waveleng ight. The formula gives results which agree withexperi- 
mental observations in cases where the pitch is low, but, as will be shown later, the more 
exact equation derived as in de Vries’ theory by using the electro-magnetic theory and 


assuming a continuous twist is needed to explain the results when the pitch ts small). 


Verification of the simplified de Vries’ equation 


Even after considerable experience the formation of satisfactory uniform areas still 


remained largely a matter of chance, depending no doubt on factors which are difficult 


to control, such as the condition of the glas irfa and chance impurities which may 
act as nuclei. It was sometimes necessa le e cell stand for several weeks before 
suitable areas appeared. The difficults } ze the periodicities 
decreased and it has not yet been found possible to obtain values of © corresponding 
to the lower values of S 

In general © was measured for six different wavelengths (/ 436. 509, 546, 578, 
589 and 644 mu) in each experiment. Since the rotation was often considerably greater 
than 180°. to obtain the absolute value it was necessary to take readings on several 
areas of different thickness which had been allowed to form in a wedge-shaped cell 
(this procedure also showed that the rotation was proportional to the thickness, or very 
nearly so. which otherwise could not have been assumed). In all the solutions whose 


optical rotation has so far been measured, which had values of S lying between 5 and 


1° M. C. Maugin, Bull. Soc. Fr. Min. 34, 6, 71 (1911). 


n 
4 
< and hence de Vries’ equation (1) may be written ’ 
?) 
* 
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100 w, on plotting © against |//* a straight line was obtained which cut the abscissa 
near the origin (1/2* ~ 0-5, where / ) 4). When this had been established it was 
found possible to dispense withth ec Ol a weds -Shaped cell to determine the sign and 


ows the dependence of © upon 1/7? in a 


unstable over a conside 

were not obtained). Fig. 9 shows 

in dioxan. Here approximately S 
tioninml/l00 ml. A similar concent 


1) 


No significant dependence upon molecular weight was 
3LG and PBDG covering a 


Table 1 shows 15 results on several preparations of PI 


range of molecular weights, concentrations and solvents. R9 and R5 were specimens of 


PBLG in which the molecules contained ay mately 670 and 270 residues respectively. 
lar weight. The 


D1 was a specimen of PBDG of ilar, but underte molecu 

addition of 10 per cent ethanol in three of the experiments not only reduced the size of 
the spacing but reduced the time required to obtain suitable uniform areas. In column 
6 are given the values of n, the birefringence of the untwisted structure, calculated from 


the de Vries equation and divided by the volume fraction. All these results, except for 
a single result for meta-cresol and one obtained with chloroform and ethanol as 


solvent, fall within 0-212 and 0-308. (Calculations showed that using the simplified 
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rather than the exact de Vries equation would not be expected to introduce an error of 
more than 4 per cent in any of these cases.) 

It remained to obtain an experimental value for n. The model proposed for the 
structure suggests that it might be possible to obtain this from maxima in the periodic 
retardation in the twisted structure. In favourable cases values could be obtained in 


this way. but, because of the small periodicity and other factors the results were very 


rough. However the values obtained fell within the limits of those calculated in Table 


1. It should be remembered that without the de Vries relationship there would have 
been no way of forecasting even the order of magnitude of the optical rotation, so that 
even these rough values were of interest. A more reliable value, however, was obtained 
from a racemic mixture of the D and I enantiomorphs (e.g. a solution containing equal 
quantities of PBLG and PBDG). This forms a birefringent solution which show no 
periodicities, but properties characteristic of a nematic liquid-crystalline material, 
including the “threads” from which the name is derived. When such a solution con- 
taining 20°8 ml/100 ml of total polymer was introduced into a capillary it became 
oriented spontaneously and had a birefringence that was uniform throughout the 
capillary. The birefringence divided by the volume concentration was found to be 
0-029 and this value was reproducible. In a flat cell, 1 mm deep, a value of 0-026 was 
given by discrete areas in the same solution. The birefringence divided by the concen- 
tration was then calculated from the values of © and § given by a solution of the same 
concentration containing PBLG only. This value was also 0-026. It seems, therefore, 
justifiable to assume that the nematic structure observed in the racemic mixture corre- 
sponds to the untwisted form of the structure formed in solutions of the optically active 
polypeptide. The good agreement between the calculated and observed values, there- 
fore, not only show that de Vries equation holds for the structure proposed for PBLG, 
but demonstrates quantitatively that this may be looked upon as a twisted structure 
derived from the nematic structure, this twist arising from either the right- or left- 
handedness of an L or D enantiomorph. How much the scatter of the results in Table] is 
due to the value of n being dependent on concentration and solvent and how much due 
to experimental errors remain, a matter of conjecture. (In some of the experiments 
the determination of concentration introduced a considerable error.) 


The phenomena when S is smal 


So far we have only considered cases where P is large enough to make /7/P*N* 
small compared to unity, so that de Vries’ equation may be written in the simplified 
form of equation (3). However we see from equation (2) that if P is progressively 
decreased so that 4*/P*N* passes through unity the optical rotation will change sign. 
Chis non-linear relationship and change of sign of the optical rotation in passing through 
a narrow band of wavelengths is what is found in the liquid crystals of the cholesteryl 
compounds and which is there associated with the small periodicity of the Grandjean 
planes. A very striking characteristic of these compounds is their property of reflecting 
bright iridescent colours when illuminated with white light. The colours are reflected 


in accordance with the Bragg equation 
nA = 28 sin 6 


where n is the order of the reflection, / is the wavelength of the light, S is the distance 


between the planes at which reflection occurs and @ is the angle between the planes and 
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the direction of the incident light. Since we are concerned with visible light and not 
X-ravs. 2 will here be the wavelength in the medium, that is to say the wav elength of the 
light in vacuo divided by the refractive index of the solution. (Compare Oster’s treat- 


ment of iridescent bodies formed by tobacco mosaic \ irus.') The value of S obtained 


from this relationship agrees with that determined by microscopic observation of the 


Grandjean planes. When S 3/2. 0 will be 90° and therefore visible light will be 
reflected normally when S is between approximat lv0-4 and 0-2 u. De Vries’ theory ol 
the tw sted Structure ‘ 


, 
ved in the choleste 


ing tl I and also the fact (obs 
one circula 


nNasses 


e electric vector of the eflected 


und in normal! stances, in the opposite sense 


| 
solutions only differs qu 


would expect 


the value of S was of suitable 


ad in fact been observed with solid films slowly evaporated 


vurs | 
nof PBLG. Recently however the phenomenon has been found in solu- 


poly-y-ethyl-i-glut ate (PELG) tn icetate where very small spacings 
can be obtained In solu are still sufficiently fluid to allow them to be trans- 
1 easily from o 


solutions, | oncentratio IS SUILAD USLO eflect brillias 


t colours 


which depend on t lirection of th ident light and observation. When sucha 
solution 1s introduced into a apillary tube and is illuminate arallel am ol 
of colour is obs if the re ‘d light is allowed 

monochro- 

at the angle which would be 

it is assumed that the solutio1 ns reflecting planes which are all 

ally spaced and that groups of these planes are oriented at every angle to the inci- 
(the experiment in fact being the optical analogue of an X-ray powder dia- 

gram.) That the planes in which the molecules lie and have equal orientation are so 
oriented is to be expected from the microscopic observations on the PBLG solutions of 
higher periodicities The nature of these reflections 1s well illustrated in the following 
experiment PELG was dissolved in ethyl acetate to give a concentration Oo} 29-0 gin 
100 ¢ of solution. The solution was then somewhat further concentrated until, on 
illuminating with white light a colour towards the red end of the spectrum was 
reflected back parallel to the direction o! the incident light. The solution was mixed on 
a very slow stirrer until the reflected colours showed the concentration to be uniform 
(this takes some days due to the high viscosity, low diffusion coefficient and large depen- 
dence of S on the concentration) and was then introduced into a glass tube, 05 mm in 
diameter. which was afterwards sealed at both ends and immersed in a large thermo- 
stated beaker of water. When the tube was illuminated at 20° only first order reficc- 
tions were seen. The angle é which the reflected light made with the incident light was 
measured for six wavelengths. This could be read correct to 2°. On raising the tem- 
perature to 30°. the value of & increased considerably for each wavelength and some 
second order reflections appeared with lower values of ¢. After making corresponding 


1! G. Oster. J. Gen. Physiol. 33, 445 (1950). 
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observations at 40° the temperature was again reduced to 20° and the readings at this 
temperature repeated. §, the angle which the incident light makes with the set of 
parallel planes from which reflection takes place, is given by 6 = 90 6/2. 2 was 
obtained by dividing A,, the wavelength in vacuo, by 1-4, the approximate refractive 
index of the solution. The values of S, calculated from the Bragg equation are given in 
Table 2. Within the experimental error, which arose chiefly from the crudeness of the 
optical system, the same value was obtained for each wavelength and also on returning 
to the original temperature. The value in this and similar sealed tubes was found to be 


unchanged after several weeks. It will be seen that the value of S nearly doubled on 


TABLE 2. S, CALCULATED FROM @& AT DIFFERENT TEMPERATURES 
A. (in mya) 
Average 


wavelengths 


20°. (Beevers in this laboratory had previously found by 
scopic observa ) that in a solution of PBLG in dioxan S increased from about 
13 uw between 25 nd 45 With cholesteryl compounds, according to Friedel.’ 
nperature coefficient IS Positi\ r some and 
ptical rotation in the region where these reflected colo are obtained would 
to show the reversa sion of 1€ olesterol c mpounds. 
1ot up to the uniform areas suitable for the obser- 
ive not been obtained tn t e highly v1 solutions. Nor, has it yet been 
to show that tl d light is circularly polarized in the expected sense, 
his requires the plan 
> nature of the optical 
substances and of ch rl rystals While the more 
optical rotation, including that produced by the z-helix, have their 
in the selective absorption of one circularly polarized component of the light, the 
“form’’-optical rotation of the twisted structure in polypeptides and in esters and 
ethers of cholesterol originates in the selective reflection of one circularly-polarized 


component of the light. In the first class we have the Cotton effect for wavelengths 


in the neighbourhood of the absorption band, while in the second class iridescent 


colours are observed in the neighbourhood of the reflection band and there is a change 
of sign of the optical rotation on crossing this band. Further, while in the first class 
the wavelengths of the absorption band is determined by the chemical constitution of 
the material, in the second class the wavelengths of the reflection band is entirely deter- 
mined by the pitch of the torsion in the twisted structure and the birefringence of the 


untwisted medium. 


| 
136 509 546 589 644 
degrees at 20 65 +0 
— 
a leerees at 30 115 110 95 95 90 70 . 
ys ae n degrees at 40 135 130 120 120 110 105 
5 n degrees at 20 0 55 20 15 
S 10°. it t 20 19 19 19 20 19 
S 10° it 30 29 30 27 29 30 28 29 
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Since the specific rotation of the twisted structure in the PBLG solutions which 


were investigated was 20.000° to 140,000. any contribution directly due to the 


wlactad 

x-helices could safely be neviectea 
Reversal of the sense of the AY 


It will be seen from Table | that while the form optical rotation given by the PBLG 


solution in most ents Was positive, in met lene chloride it was negative This 
| fin } +} fein 
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ceria ne | quarc VOuK ec 
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e optic ¢ more casily ured g tity, S, was det ned, | t 
e shown in Fig. 10 wher s plotted against the percentage of dioxan in mixtures ol 
this and methviene chloride. For convenience, the value of S in methylene chloride is 
plotted as a positive value and that in dioxan as a negative value. It will be seen that 
tne curve cul at O-'8 volume fraction of dioxan at whicl point S may 
considered infinite Observations in the immediate neighbourhood of tl point 
snowing no perwodicilic only nemat cads, aS Would De cxpecicd Wilh a 
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this point is approached from either side and, after it is reached, the structure again 


becomes progressively more highly twisted, but in the opposite sense 

These results show clearly that there is no simple relationship between the sense of 
the twist of the macrostructure and the sense 1e «-helix since the latte: the same 
in both solvents, as is shown by the value of by in the M ffit equation for the optical 


dispersion being much the same for each solvent. 


The molecuiar arra 


esults with > de Vries equation and other evidence which 


shows tha ive some 


the PBLG 


> ASSUMCC 


parallel to the I ywever 


be small owing to 1 high a a ’ e mol g. 11 th «perimental 


‘ 
The agreement of the 2 
‘ has been discussed here and in the original papers ee 
confidence in the model correctly representing the distribution of molecular orienta- 
tions within the structure. It rem: to disc how the molecules are distributed and 
iif 
how their distrib ion iries With concentration 
X-ray photographs of the birefringent phase showed a ring indicating a spacing, d, 
range of 16°6 to lOO ml. Ast ration increased this ring became less 
aul ust | tne | ra | i C proc SS Lap iL its 
POLS OT arc irs ering il ) is¢ ‘ Cl 
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more concentrated Syst r di ig four ¢ reflect nding 
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where C 1s the com tration in! OO n W 19 \ 
j Avogadro's number the distance between the (1010) plane \ A. 
the length of the projection of one residue on the ay he «-he 1-3, 
, themed density of the polymer. In deriving this equation, dilution in a direction 
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values are shown in a double logarithmic plot and the theoretical curve obtained from 
this equation is shown as a broken line. The agreement between the calculated and 


experimental value iwgests that the structure consists ol parallel rods having. in a 


plane att angles to the eth, something between a two dimensional hexagonal 


arrangement id a rand arrangement, the arcs in the X-ray photographs showing, 
however, thi arrans al n random. Further the absolute value of d 
composed of discrete single mole- 


molecules 


paralle lecule Ihe smallness of the angle and the fi at it decreases con- 


tinuously tion suggests that it arises from a dynamic equilibrium, but it is at 


present note to see what factors determine its value 
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From models and the known dimensions of the «-helix it is found that the diameter 
of the cylinder described by the PBLG molecule with side-chains fully extended when 
rotated about its long axis is 28-2 A. By subtracting this value from the intermolecular 
distance, 2D/\ 3 we obtaine D, the distance of nearest approach of two side-chains in 
neighbouring parallel molecules at a given concentration.* This value of D for any 
given molecular weight will be greatest at the B point where the birefringent phase is at 
its lowest concentration. In the molecular weight range studied, it varied from 14-4 to 

3-8 A, the negative values showing that the side chains could overlap, in which case 
very slight movements of the side chain would bring adjacent parallel molecules into 
contact. But even where D has a positive value, since the length of the «-helix is always 
many times greater than D, the angle which its long axes must rotate through in order 
to make contact with a neighbouring molecule will always be very small (less than 1-5 
in the cases investigated).* Very slight oscillations will consequently produce periodic 
contacts. It therefore does not seem necessary to assume that long range forces play a 
part in the formation of the structure, but, on the other hand, one can easily imagine 
how periodic contacts between the molecules in the model of Fig. 7 would result in a 
structure having the nature of a delicate three-dimensional network. Such a network 
would account for the fact that if a polypeptide solution containing visible perio- 
dicities is observed under the microscope, it is seen that the visible pattern shows 
elastic recovery under very slight shearing forces and that a slight but definite yield 


value must be ¢ xceeded before irreversible flow takes piace 
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ve Deel OUTS 
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ot tne Oppo- 
erest to find 


acid and 


when in the z-helix configuration 
an important factor intl matiol itl birefringen hase, whil arrangement 


of the dipoles ina left- o ight-handed he give } I aracteristic of the 


structure. Robinson er a/.° suggested that it might be possible to find in biological 


systems similar twisted structures which had previously been overlooked. Since then, 


Robinson (unpublished) has examined concentrated aqueous solutions of deoxy- 
ribonucleic acid [DNA) where again we have long-shaped, optically active, helical 


molecules. A solution containing about 6 per cent of DNA dissolved in 0-1 M NaCl 
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a Qualitatively similar structures to those which have been described in detail for 3 
a oe PBLG hai in solutions of several other polypeptides in organic solvents 
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(the solution was diluted under microscopic conditions, and the concentration was 
only very roughly estimated) when introduced into a cell 0-1 mm deep showed periodic 


lines after standing for several days. These lines (Fig. 12), whether observed in natural 


light or between crossed polars, resembled those in the polypeptide solutions. The 


value of S was in the neighbourhood of I but increased appreciable on dilution. The 


concentration range which these structures were observed was, however. small 


polypeptide solutions. So fat 10t been possible 
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A MANY ELECTRON MODEL FOR OPTICAL ROTATION 


JONES AND H. EYRING 


THE quantum mech ical rotation of 
obtained by Rosenfeld 
is the optical rot 


W here 


\, is the number o 


is in State a. 7 


general so 


which ex 
conditions are 
| he mple 
27 form 
1x) They us 
y2 
obtain 


Treating the Aa 


transitions from 


n cyclic permutation of indices 


In this equation « represents the reduced mass of the oscillator and 7, 


are the frequencies of the ground state transitions rhe general expression for the 
I Rosentfie d Z.Ph 

7 H. Evring, J. Walter a New York (1944) 

‘Ee. U. Condon, W. Alt 


1961. Vol. 13, pp. 235 100240) 
j 
a 
: 
4 
LL 
De partment of (Chemistry, University of Ut 
Salt Lake (4 il 
a molecular system was a 
s given by Evring et a/.* 
167° y2Rh 
a Here Rp, is the imaginary part of the dot product of the matrix elements for the electric 
i 
and magnetic moments 
R Im '(a@ jer pia) (2) 
the index of refraction, vp, the frequency of the tra 110n [ro State ato 
i b. and » the frequency of the incident light. Using this equation and knowing the 
— omplete set of eigenfunctions for the molecule on in calculate the optical rotation 
a. * Unfortunately the complete set of eigenfunctions are not known for molecules in a 
BE that a straightforward calculation is impossible. We will discuss a model 
4 
(4) 
k 
735 


a 


2%6 L. L. Jones and H. Evrina 


rotation of a system in the initial state with quantum numbers (7, Mz, Mg) 1s given by 


Condon et a/. It is interesting to note that, using the correspondence principle in the 
quantum numbers, Planck's constant disappears. Thus, the model 


limit of large 
This model is for one electron moving in 


shows optical activity in the classical limit 


an electrostatically asymmetric field. Calculations using this model in the sense of an 


anisotropic harmonic oscillator acted upon by a permanent dipole usually lead to 


small values of the optical rotation 
We can see from equation (4) that the optical rotation vanishes if any two of the 


three principal frequencies for the unperturbed oscillator are the same An expression 


similar to equation (4) except for the numerical coefficient is obtained for the particle 


in a box calculation, with the condition that the box has a different length in each of 


the three principal directions. The form of the expression fot optical rotation Is 
dependent on the anisotropy and not on the particular set of eigenfunctions used. The 
rotation ts directly proportional to the perturbing term A The term in A provides the 


necessary dissymmetry such that the oscillator has neither a plane nor center of sym- 


metry. The essential features of this model may be characterized by two conditions: 
first, that A A K. this is the condition for anisotropy second, that Axy: 0), 
this is the condition for dissymmetry. Both conditions are necessary for a molecule to 
show optical rotatio 
We now discuss the extension of this one electron model to many electrons 
The transition in the chromophoric group not only changes the eigenfunction ol 
the clectrol nac I ira on. W Cl or electron effect. but also alters 
the ¢ func C s as they become polarized in the positive field 
aue ] ectro! The total change can be described 
I | Dane ile wl ch 
Ve | SC ; d (4) toexy one or many 
H por- 
a ¢ oO tne il 
) nC ctron 
\ ( ili the eiec 
| ) ide up of contributions 
WW ke the nt that 1 transit equency in one of the principal 
d ther tw lirections This 
mos p data can De expressed as 
| 1) Ost tcl isuallv thos nearest the vi ble 
We shall choose r right ded molecular ax o that A A A. and therefore 
} In this case for the molecular rotation we have 
2 | | | 
| } (5) 


To apply this model to molecules we choose the Z axis along the most polarizable 
direction in the chromophoric group. This requires that the axis will, in general, lie 
along the bond joining the chromophoric group to the asymmetric center The } 
axis will be orthogonal and will lie along the next most polarizable direction and YX will 


be chosen orthogonal to Z and Y such that Y YZ forms a right-handed coordinate 


4 
4 
4 
= 
> 
Pil, 4 
3 
> 
fide 
= 
ay 
¥ 
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system. A chromophoric group will frequently exhibit cylindrical symmetry around 
the Z axis, in first approximation. [he distortion of this symmetry by neighboring 
groups will fix the direction of the Y axis and the magnitude of this distortion will 


| 
appear directly in the expression for the optical rotation as the difference 
Vo 


| | 
The magnitude of vill, for example, be large in the case of a carboxyl group 
yi 
l 


which is hydrogen bonded. In the case of a freely-rotating carboxy! will still 
Vo } 


be different from zero because of the directional polarization of neighboring groups. 


Note added in pi nany chromophores the transition nearest the visible 
contributing to the optical activity is not a dipole transition in the direction as 


implied in equation 1 magnetic transition whic! » described as a 


displacement of charge distribution from predominant) the lirecti to the A 


direction. when the X YZ directions are chosen as above his magnetic transition will 


irmonic oscillator transitio ~ (1,0,0) with the frequency 


Pa } 


It can be seen the contribution to the rotation in the visit still has the same sign as the 


sign of the paramete n the examples given the transitions in carbonyl and 


ketone gen atoms are ; ) tl ansition rather than a d le transition: 
however, the discussion given 


lo determine the sign of the contribution to A of a particular vicinal group we note 


that any group will have its electrons flow into the positive hole left by the excitation of 
the chromophoric electron to an extent which Is proportional to the groups polariza- 


bility requires that the term A for a group is negative at the position of the 


group and further that the contribution to A Is proportiona ) group polarizability. 
We see that the groups which lie in the planes defined by the principal axes of the 
potential do not contribute to the ma mitude of A 


By an analysis of each chromophoric group In a molecule of known configuration 


we can determine the sign of its contribution to the rotation or, more specifica ly, the 


sign of the groups Cotton effect. Of more interest we can determine what the stereo- 


chemical environment of a chromophoric group must be to give the observed Cotton 


effect. Our method vields a rapid determination of absolute configuration in the cases 
where the stereo-relationship of a compound to known compout ds cannot readily be 


established. This method can also be used to determine the effects of temperature and 


solvent on molecular configurations. Calculations of optic il rotation to determine 


absolute configuration were carried out by Condon ef a/., Kuhn’ and Kirkwood’. 
19, 289 (1938) 


hre Phy 5.4 


correspond to the | 
ae } y,. The condition on the frequencies can now be written as ?, | 
vee } The contribution to the rotation trom thi sand will then be 
l67°N, (n° UT 
1 2( 277) 
| Vol Vg vo)" L(Y, 2) 


he absolute configuration 


ry result used a model 


the Fisher 
t” of the ab- 


X-ray methods 


rk (1960) 
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After a correction of s ] } the latter WOrk ali arrived at thie 
3 
ussumed in the Fisher convention. Boys* who came to the contra 
whk lifficult to te to molec r structure Ihe correctness « po 7 
convent vas furtl nported by the X-ray determination by Bijv 
solute configuration of s rul tartrate dihydrate. By normal i ZZ 
one te the distances between atoms molecule. Since the distances 
are Ul ime in na it rror imag xX iv! cannot give the 
on or the nt tne ito! ag 1s introduced in tne 
a a < ners | r eit nos tell not nivt distances 
petween a pul Gg occul hich 1s all that ts 
*) 
Wa 
As an exam} ipplication of the many electro odel we can consider a a 
SUD ‘ co ave ( cussed ¢ ensively y 
W latior Cu ng tne § ) tucnt i ore daepel aging on 
rit iXlal or torial positiol | b shows the molecule as it 
cis] SIO! ows that Kel principal e so that we will choose 
the potential cet e carbon-oxygen bond of the ketone. In Fig. 1b we will a 
Ci Our ik en cn Z, the OSL pr ve direction, IS positive 
into the ring along the ¢ O bond, Y, the next sty ble direction, will lie in ee 
ine p acl g DV the aton oF n the direction ( will then point : 
toward the top of the p ae 
In Tabl ve have ed the various substituents and the signs of Y, Y, and Z for : - 
the octant which t Ihe substituents cont ite to the A term with a sign 
R2 
R3 & ¢ 
& ¢ 0 0 
L2 i 
é 
0 0 
* S. F. Boys, Proc. Roy. Soc. A 144, 655, 675 (1934) Stee oe 
C. Dierassi, O Rotary D np. 178. McGraw-Hill, New 
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such that the product Axyz is negative and in an amount proportional to their polariz- 


ability. This result agrees with Djerassi as to the sign of the contribution to the 
optical rotation from the groups The substituents which lie in the planes defined by 
pairs of principal axes, such as the equatorial substituents on R2 and L2 and the sub- 
stituents on 4, d not contribute to the sign of the Cotton effect since they do not 


contribute to A These substitutents will, however, change the magnitude of the 


Cotton effect through 
For lactic acid i1romonphoric group is the carboxyl. If the oxygen of the car- 
nded to the hydroxide as shown in Fig. 2, the most polarizable 


axis. z. lies along the C—O bond directed toward the carbon; Y lies in the pl ine of the 
ring as indicated in the figure with the positive x axis directed upward The most 


polarizable group out of the plane is the ¢ H, group which lies in the r, } z 


Since the product of Axyz must be negative at the CH, position, A will be 


octant. 
negative and the rotation will be negative as it is for D-lactic acid. 

The solvent and temperature effects on diethyl D-tartrate may be explained by 
assuming an equilibrium between the intramolecularly hydrogen bonded forms shown 


in Figs. 3a and 3b and the non-hydrogen bonded freely rotating form. 


q 
4 
4q 
7 
id 
H 
L 
b) 
q 
A 
Fic. 4. Molecu on t t 
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Fig. 3a shows a five-membered ring structure. We can choose the coordinates on 
the carboxyl group as in | acid and the principal group out of the ring, the 
CHOHCO.C,H,, will be u c. ! > direction and thus the rotation will be 
negative for structure 3a. 

Fig. 3b shows an intramolecularly-bonded six-membered ring structure. If we 


choose the rdini n tl rboxyl as before we have the principal group out of 


{1 and theretore 


‘nt and 
pal contribution to 


nat of a 


defined by the principal 


however the 
optical rotation can vary due to changes in the term as this will be proportional 

to the polarizabill the chromophoric group and will be larger in the case of 

secondary butyl iodide than in the case 1e du larger polarizability 
of the 

our examples that this many electron model for optical 

rotation provides a well founded, general method for predicting the relation between 

absolute configuration and conformation and the sign of the observed Cotton effects. 


*'W. Kauzn em. Ph , 41 (1941) 
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i 
i the plane of the ring, the hydroxyl, lying in the vr. +) > octant an iii 
me: the Cotton effect will be positive in s case . This will also be the sign of the rotation id. 
Lue for the treely-rotating forn ince the polarization which determines the Y axis is a 
a indu i can ' mroun wl h tend 1 of t it inte cixemem her i rine 
E The observed data for solvent and temperature effects on diethyl tartrate are shown in 
Ka and Ey [he general itures e data excluding e reirac 
from the various structures 
= M,JA M JA 
a Where [MVM the molecu rotation of the dextro-rotatory six-membered ring i 
structure, |./,] and are the molecular rotations of the laevo-rotating five-mem- 
pered | of the bonded for respect vel \ iS tne me Iraction 
ott ery | rr ti ity ry net forms h relations 
‘ 
\ V. exp | \ V.exp } 
R71 R R 
- Ihe observed values can be represented by choosing suitable values for AH and AS, Be abl 
Fig. 4 VS two o curves OV ind some of the calculated 
a, curves own with solid es. The curves | are for the alpha-nitro napthalene solvent 
ES and were calculated using \H/ > KC \S Je. V 100° the curves 2 are for 
es anti-b doxime as solvent and the values AH = 5-7 kcal; AS IS eu.: M ; 
40° wet sed 
a In the case of secondary butyl alcohol the z axis is chosen along the bond between 
a the oxygen and the asymmetric carbon atom, the y axis is chosen normal to this in the aN 
MS direction of the ethyl group, since this is the most polarizable ill 4 
= be orthogonal to z and y. In this coordinate system the princ 1 fa 
will be tro the large polarizability of the methyl group comy 
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REACTIONS OF t-BUTYL PERESTERS—III 


CUPROUS BROMIDE-CATALYZED REACTION OF 
PERESTERS WITH ETHERS 


GEORGE SOSNOVSKY 
Armour Research Foundation of IIlinois Institute of Technology 
Chicago Illinois 


(Received 31 Ox tober 1960) 


Abstract Aliphatic and cyclic ethers react smoothly with t-butv] peracetate and t-butyl perbenzoate 
at 6/-90° in the presence of cuprous bromide. The first products of this reaction are the acvloxy 
derivatives of the ethers, which are unstable under the chosen experimental condit ons and decompose 
to the correspon ling carboxylic acids and unsaturated ethers Thus, 2,3-dihydrofuran was prepared 
from 2-benzoyloxvtetral ydroturan in a 66 yield The nsaturated ethers add t-butyl alcohol to give 
the correspor ding acetals, this step being catalyzed by the carboxy] cacid. This reaction is general for 
ethers containing two adjacent methylene groups sucn as 1 propy! and n-butyl ethers. tetrahydro- 
furan, and tetrahydropyran. Diethers, such as 1,4-dioxane and ] 2-dimethoxyethane, give more 


stable benzoyloxy derivatives. which decom pose slowly on prolonged heating to give the expected 


acetals in low vield 


IN the preceding publications!.? the reaction of t-butyl peresters with olefins in the 
presence of copper salt cat talysts was described. It was shown that copper salt catalysts 
exert a pronounced influence upon the rate of the reaction and the nature of the pro- 
ducts. In a subsequent paper® the scope of this reaction was investigated. Among 
other substrates, allyl phenyl ether and 1,4-dioxane were investigated; with the former. 
t-butyl perbenzoate gave a 50”, yield of 3- sesame x y-3-phenoxy- l-propene and with 
the latter a 56 yield of dioxan 1yl benzoate. In all these reactions the acti, ated hydro- 
gen atom was substituted by the acyloxy group and the t- butoxy group was converted 
to t-butyl alcohol. 

These studies were extended to a number of aliphatic and cyclic mono- and di- 
functional ethers and to thioethers. The preliminary results of these investigations 
were reported in recent communications. Recently a similar r study was initiated by 
Lawesson et al. in Sweden.® The details of the reactions of t-butyl peresters with 
ethers are reported in this paper. 

t-Butyl peracetate and t-butyl perbenzoate react smoothly with n-propyl and 
n-butyl ethers, tetrahydrofuran, and tetrahydropyran in the presence of catalytic 
amounts of cuprous bromide. In addition to the expected acyloxy compounds, I, I 
and III, these reactions yielded mainly |-t-butoxy-1-n-propoxypropane (1Va), 1-n- 
butoxy-1-t-butoxybutane (IVb), 2-t-butoxy-tetr thydrofuran (V), and 2- t-butoxytetra- 
hydropyran (V1), respectively. The reactions were carried out for 14-48 hr at 67-90°, 


" M. S. Kharasch and G. Sosnovsky. J. Amer. Chem. So. 80, 756 (1958) 

M. S. Kharasch, G. Sosnovsky and N. C. Yang. J. Amer Chem. Soc. 81, 5819 (1959) 
> G. Sosnovsky and N, ¢ Yang, J. Ore. Chen 25, 899 (1960) 
G. Sosnovsky. J. Or Che 25, 874 (1960) 


G. Sosnovsky, Abstracts of Papers presented at the 138t! Meeting of the American ( hemical Society, 
New York, Sept. 1960, p. 78P 
*S. O. Lawesson. ( Berglund and S. Gronwall, Acta Chem Scand. 14, 944 (1960). 
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When the reactions were stopped immediately after all the perester was consumed 


juantities of the acyloxy derivatives. 


(4—6 hr), it was possible to isolate substantial ¢ 


Due to their thermal instability these derivatives could not be purified by distillation 


sufficiently for elemental analysis Nevertheless, infrared analysis and the fact that 


sition led to the formation of the corresponding acid and an 


their thermal decomp 
+} left no ht th th re | > | > > 
tno a l at these compounds were the acyloxy intermec lates. 


unsaturated ectner ici ul 
These acyloxy derivatives decon posed clowlv at 80-100°. At slightly elevated 


When an ac \ pound wv decomposed in the presence of an equimolar 
qual ft-b ) pond etal and carboxylic acid were ybtained 
‘ (IID) 
ave 2 I V1) plus b ‘ic acid after 14 hr at 80° in boiling 
t-b VI ¢ in all respects with a sample prepared by the method 


1 t-butv! alcohol in the presence ol concentrated 


2-ac etoxytetrahydropyran, 


wl ported to b quilibri th the starting materials."’ In the current work 
it was! undc Apel CONGILIONS a mixture ot equimolar quan- 
tities of dihydropyran, t-butyl alcohol, at i either benzoic or acetic acid produced 
mainly 2-t-b toxytetrahydropyran (VI) and only a small amount (13 pet cent) of the 
?-acvioxy derivative (II). There was only a negligible reaction between dihydropyran 
and t-butyl alcohol in the presence of cuprous bromide when the carboxylic acid was 


excluded from the system 


Diethers, such as |,4-dioxane and 1.2-dimethoxyethane, reacted smoothly with 


of cuprous bromide to give the expected dioxanyl- 
ane (VIII), respectively. Sur- 
those of the monofunctional 


t-butyl perbenzoate In the presence 
benzoate and I-ben ovioxy-1.2-dimethoxyeth 
prisingly, these benzoates were more stable to heat than 


D. A. Barr and J. B. Rose, J. Chem. So 3766 (1954). 


*H. Normant, C. R. A Se Paris 228, 102 (1949). 
*R. Paul, Bull. Soc. Caen (5) 1, 973 (1934) 
16 G. F. Woods and D. N. Kramer, J. Amer Chem. Soc. 69, 2246 (1947). 


11 J. G. M. Brenner and D. G. Jones, Brit. Pat. 606,764 (1948); Chem. Abstr. 43, 1442 (1949). 
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CH.OCH.CHOCH 
OC¢g 


ethers. Prolonged heating was re juired for the elimination of benzoic acid. and the 


yields of the corres] ng tals, (IX) and (X), respectively. were low. 


SU pel cent of a 


Thus, 
(VII) was recovered after it was heated in t-butvl 
-butoxy-1,4-dioxane (IX) was 


dimethoxyethane 


alcohol at 105—110 
obtained. Similarly 
(X) 

On the basis of these results. a mechanism is proposed to account for the formation 
of IV, V, VI, IX and X 

t-Butyl peresters rea h ethers in the { cuprous bromide to form the 


acyioxy intel e chosen « xperimenta! conditions 


> CoTTEeS 


the 
»Oserved acetals (IV. V. 


carboxylic a 


VI, IX, X). 


C(CH.) 


Step | is assumed to proceed by a concerted mechanism.2"213 a is generally 


accepted that esters pyrolyze to olefins by a concerted mechanism also.4.% Step | is 
catalyzed by copper salts, as were similar reactions that were described in the past.1-*3 


In the absence of a copper salt, the reaction proceeds at a much slower rate. The 


py rolysis in step 2 occurs at 80—100°, whereas temperatures of 250-400" were employed 
M.S. Kharasch and G. Sosnovsky 
Chemical Society, C} 

D. Denney, D. Z ar trahe 

“4 J. Hine, Physical Orear hemistry p. 46 sraw-Hi 

D. J. Gramm and M. S. Newman, Steric fects in Or 
(1956). 


s of Papers presented at the 134th Meet ng of the American 
” Letters No 15. 19 (1959) 

. New York (1956) 

ganic Chemistry p. 305. John Wiley, New York 
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16 The addition of alcohols to olefins is 


In previous studies of related substances 
in the presence of mineral acids.” Therefore, it was surprising 


usually accomplished 


to find that even acetic and benzoic acids acted as catalysts in the addition reaction 


in step 3 
EXPERIMENTAI 
d from Lucidol Division, Wallace and 
uprous bromide was an anhydrous, 
The reaction 
neter No eases 
ilar weights were 
sublications 


> 


moic) was 


e (0-1 


dete 
Rea f pere fer th monofunctional 
1-Butyl perbenzoate with ether. t-Butyl perbenzoate (39 g, 0-2 ME added over a 
period of 2! xture of roy ther (37 g, 0°37 cuprous g, 0:35 mmole) 
na 85-9) After 4 e cooled react xture was diluted with ether (50 ml) 
and cle N sox car to re " 0 4 The ethere olu was = 
fate ed at 101 The remaining 
oil ediux There were ob ed ropane (Va. 6 @. 
a 17 b.p. 60-62 2 4032 vypropane (1, 17g, 38°5°,), 
88-92 0-04 mm (decomy < C=O 
inreac propoxypropane (IVa, 4 
10 1030. C, 68 44; H, 12 t.. 166. C,,H,.O, res: C, 68-91 
H 
ye vere 4 ¢, 0-1 mole) was added over a 
na f t-t te. The 
pressure. There we p. 4 me 
4 H 12-65 +. 194. 1 es: C, 71-2: H, 12 ol. wt., 202 
dried fat entrate t The ed at 
reduced press were obtaine )-aceton rol ll, 4¢), bp 
4-40 0 12 (V, 462, 45 b.p. 40-42 
300. 1365 sand $5, 695 ¢ C,H 10,1730 em the 
a 
hydroxy re Fe d: C. 6678: H, 11-23 ol wt. 146. C.H,.O. requires: C, 66°80; H, 11-02 
mol. wt $4 
hydrotur sb e(Ol nole is heated der reflux for 
a carbonate solut to re be c acid (41 g). The ethereal sotu was washed with water, dried a 
DePuy, R. W. K ind D. H. Froemsdorf, Tetrahedron 7, 123 (1959) 
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with sodium sulfate, and concentrated on a steam bath. The remaining oil was distilled at reduced 
pressure. There was obtained: 2-t-butoxytetrahydrofuran (V. 32 g. 45%), b.p. 40°/11mm, ni? 
1-4186, at 1390, 1365 (—C(CH.).). no bands at 755, 695 (C.H ), 1740, 1730 


(C--O), and in the hydroxy region. (Found: C. 66-78: H. 1] 23; mol. wt., 146. C,H,,0, requires: 


66°80: H. 11-02 mol. wt 144). In addition. there was obtained OX Vile trahydrofuran 


(11, 25 26°). b p. 96-100 /0-2 mm (some decon P.), at 1740 QO). Due to its instability, 


this compour d could not be purified sufficiently for elemental analysis. but its iy frared analysis and the 


fact that its thermal 1 to the formation of the corresponding acid removed all doubt 
that this compour 

A mixture of tetra- 

ler reflux for 48 


sodium 


iicohol, 
acetic acid 


he usual 


There was no rea butyl alcohol when acid was excluded from the 


svsiem 


alt 
a 
4 
a 
irbonate to ret eb 67 
. C c ve De c ac 16 g, ¢ ). The ethereal solution was s] th water. drie 
ishes water, dried 
with sodiun fate as at mas 
conce ited rhe re Ol was distilled at reduced 
yore A) p. 36-40 10mm, az 
14190 lentic th se of an mr _ ted ¢.} 
\ perdenzoate (6°5 g, 6:8 ) 
D.p. 68-70 1.4 i 
t-Rut nerk te (7 0.4 
yi cupr {)-1 0-35 mmol 
retiux for 10 hr | { 
a . ‘ 1 extracted with 2 N 
com | mait 4 
pre ire The < 2./ 20 ? 
— attempted a } 2 Vi. 2 
mn 
A C(CH 695 cr C.H ( O) 
if C.H,.0O, re C. 68-30 
Decomposition 
hr to 120.124 
cat The cooled ( 
Vi bp. 52°11 mn 948 ond residue j 
i i di 
Opyra 24 g, 0-285 mole), gl cial 
(0 ¢.0 i t-but 
} con heated at reflux for 12 hr. After 
workup, there wa t-butoxytetrahydropyran (VI, 20g, 445°), b.p. 56°/13 
by as 
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24 ¢, 0-285 mole), t-butyl alcoho! 


A mixture of dihydropyran ( 
»< heated under reflux for 12 hr. After 
the usual 4-5 ¢,7-8%), 12 mm, 


14272 


ure of dioxane (0-5 mole) t-butyl 
lating the benzoate, the 


s ther tilled at atmos- 


were obtain t-butyl 


. 
> N sodium carbonate to remove 


ish ren nine 
al 


| 4-dioxane (1X, 6 g, 19%). 


14288. (Found 


m hat 
Ca 


wt., 160 


mm,* and 


hicago, lor 


es. The 


etrahydro- 
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Rea ol t-hutyl pe rher nate  difunct mal ethers 
With dioxane. Dioxanyl benzoate was prepared from 
perbenzoate mok bromide (0: 35 mmok W 
react mixture was heated for 114 hr at 105-110". The reaction mixture w 
alcot 40 dior e (24 O23 n 
Cc, §9-23 H iM CH,0O c res ( H 10-07 moi. wt | | 
Dis the re e eave reacted dioxanyl! benz« te (12-5 g, 30°,), b.p 106° 0-? F 
a higher b ite . 
Wit 2 Buty! perder ste (20 ¢. 0-1 mole) idded over a period of Shr to 
a mix e of 1.2 ethoxs br ce (0-3 it 90 An exothermic 
reac edit cac perode I he rkup gave De cacid(1-3¢,10 ) 
The ren educed pre e. There was obtain |-her »xy-1,2-dimethoxy- 
ethane (VIL, 14 g, ¢ bt 498 4259 i7we ( 0) Due to some — 
dec tion oF U product dul two t could not be purified s ifficientiv for cleme ital 
t-Butyl perbe te (50 ¢, 0-251 was added to a mixture of 1,2-dimethoxyethane (1-0 mole) j o 
and e (0-35 er a x After the the perbde te 
t-but c 25 e reac xture continued at 100-105 re 
2-din X, 3g. 7° 342/120 1092. (Found: C, 59°43 
; H, 11-25 66. C.H,,O es: C, 59:23; H, 11-18 vt., 169) 
preceding experiment 
ment-—The author wishes to thank Mr. W. Sasches ersity of micro 
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DIE UMSETZUNG VON KETOHEXOSEN MIT 
SEKUNDAREN AMINOSAUREN UND SEKUNDAREN 
AMINEN! 


K. Heyns, H. PAULSEN und H. SCHROEDER 


Chemisches Staatsinstitut, | ersitat Hamburg, 


Institut fir Organische Chemie 


» November 1960) 


Zusammenfassung—Dic Umsetzung von p-Fructose mit L-Prolin liefert 2-Desoxy-2-N-L-prolino-p- 


glucose nebde 2 Desoxy-2-N pro 10-D innose d Des xy-1-N L-proiin »-fructose die auch 
durch direkte Reaktio n p-Glucose n Prolin erhaltlich ist. Die Umsetzung von L-Sorbose mit 
L-Prolin liefert 1-Amino-1-N-.L-prolino-L-sorbose und nur sehr wenig Reaktionsprodukte der Keto- 


Masse zu D-Glucose, durch Morpholin, 


risiert. Diese Reaktion ist zur praparativen 


Dicvye iminu indere A »-Psicose isome 


Darstellung von D-Psicose geeignet 


Bei der Umsetzung von Hexosen mit Aminosduren lassen sich zwei unterschiedliche 


ldosen reagieren mit Aminosduren primar zu 


Reaktionstypen unterscheiden 
N-Glycosiden, den dusserst labilen Aldosylaminosduren, die sehr leicht unter dem 
Aminosdure vorhandenen Carboxylgruppe einer 


katalytischen Einfluss der in der 
Amadori-Umlagerung (Aldosylamin-Umlagerung) unterliegen, wobei Verbindungen 
* Aus D-Glucose und L-Alanin entsteht auf diesem Wege 


vom Typ I gebildet werden.” 
(I, R CH,), welche abgekiirzt als Fructose-L- 
Aminosduren” einer grossen 


alanin bezeichnet wird. Eine Reithe derartiger “*Fructose- 


Zahl von Aminosduren ist dargestellt worde 
NH—~-CH—COOH 
IT 
Fructose — Aminosoure Giucose —Aminosaure 
ous Glucose + AminosGure ous Fructose +Aminoséure 
Ketosen reagieren gleichfalls mit Aminosduren unter intermedidrer Bildung von 
5 N-Glycosiden, die mittels Sdurekatalyse auf dem Wege einer analogen Ketosylamin- 


Umlagerung zu Verbindungen vom Typ II umlagern. So entsteht aus p-Fructose und 


Vorhergehende Mitt. K. Heyns und M. Rolle, Chem. Ber. 92, 2439, 2451 (1959) 
4. Abrams, P. H. Lowy und H. Borsook, J. Amer. Chem. Soc. 77, 4794 (1955); P. H. Lowy und H. 
Borsook, /bid. 78, 3175 (1956); A. Klemer und F. Micheel, Chem. Ber. 89, 1242 (1956); F. Micheel und 


A. Frowein, /bid. 92, 304 (1959) 
'K. Heyns und H. Paulsen, Liebigs Ann. 622, 160 (1959) 
*E. F. L. J. Anet, Austr. J. Chem. 10, 193 (1957); E. F. L. J. Anet und T. M. Reynolds, Jbid. 10, 182 (1957). 
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t-Alanin 2-Desoxy-2-N-L-alanino-p-glucose Il (R = CH,), abgekiirzt “Glucose-L- 
alanin”. Auch hier sind mehrere Vertreter dieser “Glucose-Aminosiuren” dargestellt 
worden.'> Die Ketosylamin-Umlagerung, die von Heyns und Koch*an der Umsetzung 
von p-Fructose mit Ammoniak unter Bildung von p-Glucosamin im Jahre 1952 
aufgefunden wurde, ist im Gegensatz Zur Aldosylamin-Umlagerung mit der Ausbil- 
dung eines neuen Asymmetriezentrums verbunden, das am C-Atom 2 gebildet werden 
kann. Aus diesem Grunde werden neben den Glucose-Aminosduren je nach den 
Reaktionsbedingungen in wechselnden Mengen Mannose-Aminosduren erhalten. 
Beide Reaktionstypen haben sich bisher mit einer grossen Anzahl verschiedenster 
Aminosauren, die eine primare Aminogruppe aulweisen, an emer Reihe von Aldosen 
und Ketosen durchfiihren lassen. Diese Umsetzungen stellen den wichtigen Primar- 
schritt fiir die als Maillard-Reaktion bezeichneten nichtenzymatischen Braunungs- 
reaktionen dar.’ Beziiglich Entstehung bzw Vorhandenseins von Hexose-Amino- 


siuren in Leberextrakten sei auf unsere letzte Mitteilung hieriiber verwiesen.® 


Umsetzung von D-Fructose-mit L-Prolin 


In der vorliegenden Untersuchung werden die Reaktionen von Fructose mit 
sekundadren Aminen und sekunddren Aminosauren behandelt. Glucose ldsst sich mit 
sekundairen Aminen umsetzen, wie bereits Hodge und Rist® gezeigt haben. Sie 
erhielten mit Piperidin das entsprechende N-Glucosid. welches unter Amadori- 
Umlagerung in |-Desoxy-|-piperidino-D-fructose iiberfiihrbar war. Diese Versuche 
zeigen, dass als Ausgangsprodukte det Amadori-Umlagerung stets die N-Glycoside 
angesehen werden miissen und kaiim offene Formen nach Art der Schiff’ schen Basen. 
Auch mit aromatischen sekundaren Aminen und 4.6-Benzalglucose ist nach Weygand 
et al” eine Umlagerung zu 1-Desoxy-1-Amino-p-fructose- Verbindungen méglich. 

N-Glucoside von sekunddren Aminen sind allgemein leichter spaltbar als 
entsprechende Verbindungen von primadren Aminen und lassen sich schwieriger 
umlagern. Dies zeigte sich erwartungsgemiass bei det Umsetzung von L-Prolin mit 


Fructose. deren N-Fructoside wiederum leichtet als N-Glucoside spaltbar sind. 


t-Prolin setzt sich wesentlich schwieriger um als alle vorher untersuchten Amino- 


sduren mit primaret Aminogruppe.’*” Unter extrem wasserfreien Bedingungen wurde 
in Methanol ein Gemisch von 3 Hexoseaminosauren In eine! Gesamtausbeute von nut 
etwa 10°. erhalten. Die Bildung des primar unter Wasserabspaltung entstehenden 
leicht spaltbaren N-Fructosyl-L-prolin (IV) fihrt offenbar zu einem Gleichgewicht, 


welches sehr zu Ungunsten des N-Fructosids liegt. Eine Ketosylamin-Umlagerung 
findet. wie bei den anderen Aminosduren, ohne Saurezusatz statt, da bereits die 
Carboxylgruppe des Prolins die Umlagerung katalysiert 

Als stérende Nebenreaktion tritt eine vielfaltige Aufspaltung des t-Prolins auf. 
L-Prolin, welches unter vergleichbaren Bedingungen ausserst stabil ist. erleidet bei 
Gegenwart von Fructose sowohl in Methanol, Dimethylsulfoxyd und Wasser eine 
Reihe noch nicht aufgeklirter Umwandulungs- und Zersetzungsreaktionen. So treten 
}K. Heyns. H. Breuer und H. Paulsen, Chem. Ber. 90, 1374 (1957): K. Heyns und H. Breuer, /bid. 91, 


2750 (1958) 


*K. Hey und W. Koch, Z. Naturf. 7b, 486 (1952) 


7K. Heyns und H. Paulsen, Wissenschaftl. Verdffentlichungen der Deutschen Gesellschaft fiir Erndhrung 
Bd. 5, 15. Ste nkopfl-Verlag Darmstadt (1960) 
* J. E. Hodge und C. E. Rist, J. Amer. Chem. Soc. 75, 316 (1953) 


* F. Weygand, H. Simon und R. v Ardenne. Chem. Ber. 92, 3117 (1959) 
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auch unter mildesten Bedingungen (37°) bei der Einwirkung von Fructose auf L-Prolin 
in kurzer Zeit vier neue Ninhydrin-positive (drei blau anfarbbar, eine gelb anfarbbar) 
Substanzen auf, deren Anzahl bei langerer Einwirkungszeit sich noch vermehrt. 
Diese Zersetzungsreaktion tritt ausschliesslich nur mit Fructose auf. Gegeniiber 
anderen Zuckern, wie D-Glucose und L-Sorbose, is L-Prolin stabil. 

Die durch Ketosylamin-Umlagerung entstandenen Hexose-Aminosaduren wurden 
mittels saurem Austauscher abgetrennt und an Austauschersdulen mehrfach fraktio- 
niert. Es wurden zwei einheitliche kristallisierte Verbindungen erhalten, die sich als 
2-Desoxy-2-N-prolino-p-glucose (D-Glucose-L-prolin, V) und |-Desoxy-1-N-L 
-prolino-p-fructose (p-f ructose-L-prolin, IX) erwiesen. Die zu erwartende dritte. 
nur in geringer Menge gebildete Substanz, das p-Mannose-1 -prolin (V1), liess sich nicht 
vollig rein erhalten. Das ungefahre Mengenverhiltnis der drei entstandenen Hexose- 
Aminosauren betrigt: D-Glucose-L-prolin 30-40°%,, D-Mannose-L-prolin 5-10°%, 
D-Fructose-L-prolin 40-60°,. Alle drei Substanzen sind papierchromatographisch 
trennbar. Die Glucose- und Mannose-\ erbindungen geben mit Silbernitrat einen hell- 
braunen, die Fructose-Verbindungen den fiir Amadori-Verbindungen typischen 
schwarzbraunen Fleck. b-Glucose-L-Prolin wird entgegen den bisherigen I rfahrungen 
bei anderen Glucose-Aminosduren nicht als erste. sondern als letzte Substanz bei der 
Sdulenchromatographie an saurem Austauscher eluiert.® 

D-Glucose-L-prolin (V) liess sich auf Grund der optischen Drehung in seiner 
Konfiguration zuordnen. Die Substanz besitzt eine optische Drehung von [«]*' ro 
welche erheblich nied: iger als die der anderen Glucose-Aminosduren liegt, die einen 
Drehwert zwischen [«]" +-48° bis +81° aufweisen. Die niedrige optische Drehung 
ist offenbar durch den hohen negativen Drehwertanteil des L-Prolins von [x]};’ —85 
bedingt, welcher additiv den positiven Anteil der Kohlenhydratgruppe iiberlagert. 
Durch Anwendung det Regel von Bose und Chatterjee™ lasst sich folgern, dass 
Mannose-Aminosiuren gegeniiber Glucose-Aminosduren stets eine negativere 
optische Drehung haben miissen. Dies ist bei den bisher dargestellten Mannose- 
Aminosiauren, welche einen Drehwert zwischen [x];;’ —7° bis —16° besitzen, stets 
bestaétiet gefunden. Die w eitgehend angereicherten Fraktionen des sirupdés erhaltenen 
vermeintlichen Mannose-! -prolins, welche méglichst frei von stark negativ drehenden 
D-Fructose-L-prolin (IX) waren, zeigten gleichfalls eine negative optische Drehung von 
[x], —25°. Damit ist erwiesen, dass die kristallisierte Substanz eine bD-Gluco-, die 
als Sirup erhaltene Substanz eine D-Manno-Konfiguration besitzt. pD-Glucose-L- 
prolin zeigt beim Auflésen in H,O eine dextrorotare Mutarotation. Die Verbindung 
liegt in kristallisierter Form demnach in det -Konfiguration vor. Alle anderen 
Glucose-Aminosduren kristallisierten in der z-Form. 

Uberraschend ist der mengenmassig hohe Anteil des aus Fructose und L-Prolin 
gebildeten bD-Fructose-! -prolins (IX), welches bei der | msetzung von Fructose mit 
Prolin iiber die Ketosylamin-Umlagerung nicht zu erwarten ist. Wir haben die gleiche 
Substanz auf anderem W ege durch direkte | msetzung von D-Glucose mit L-Prolin, 
also tiber die Aldosylamin-Umlagerung, erhalten. Glucose (VII) setzte sich in Meth- 
anol bei 60° sehr schnell und in hoher Ausbeute mit L-Prolin um. wobei unter A madori- 
Umlagerung des intermediar gebildeten Glucosyl-1 -prolins (VII1) D-Fructose-1 -prolin 
(IX) entsteht, welches leicht in kristalliner Form isoliert werden konnte. Die Verbin- 
dung zeigt die charakteristischen Reduktionsreaktionen fiir Amadori-\ erbindungen 


1” A. K. Bose und B. G. ¢ hatterjee, J. Ore. Chem 23, 1425 (1958). 
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und ist in allen Eigenschaften identisch mit der auch aus Fructose und L-Prolin 
erhaltenen zweiten kristallinen Hexose-Aminosiure. 

D-Glucose-L-prolin (V) ist in stark saurer Lésung stabil. In schwach saurer Lésung 
erfolgt verhaltnismassig leicht eine Riickumlagerung*® zum N-Fructosid (IV), welches 
sofort in die Ausgangskomponenten gespalten wird. So wird durch Erhitzen von 
D-Glucose-L-prolin (V) in verdiinnter Essigsiure Prolin, Fructose und Hydroxy- 
methylfurfurol erhalten. Diese Riickspaltung erfolgt bei p, 4,2 bereits bei Zimmer- 
temperatur in einigen Tagen. Sie steht in gewisser Analogie zu der von Anet!! 
aufgefundenen Rickspaltung von Di-p-fructose-glycin, einer Verbindung, die gleich- 
falls ein tertiares Stickstoffatom am Kohlenhydratrest besitzt. Bei p,, 5,5 in wassriger 
Lésung bei Zimmertemperatur erleidet sie eine R ickspaltung in ructose-glycin und 
3-Desoxy-b-erythrohexoson, einer Verbindung, die sich leicht in sauret Lésung in 
Hydroxymethylfurfurol umwandeln kann. Glucose tritt als Spaltprodukt dieser 
Reaktion, wie bei jeder Riickspaltung von Fructose-Aminosduren,’ nicht auf. Auch 
die Riickspaltung von pD-Fructose-t-prolin in verdiinnter Essigsdure liefert nur 
L-Prolin und Hydroxymethylfurfurol. 

Als weitere Ketose haben wir L-Sorbose (X) mit L-Prolin umgesetzt. Die Reaktion 
gelingt nur in extrem wasserfreiem Dimethylsulfoxyd und fiihrt zu zwei Hexose- 
Aminosduren. Die Saulenauftrennung lieferte in weitaus grésster Menge als Haupt- 


produkt nicht die durch Ketosylamin-Umlagerung entstehenden Verbindungen, 
sondern kristallisiertes L-Sorbose-1 -prolin (XI), welches normalerweise durch Ama- 
dori-Umlagerung aus L-Gulose oder L-Idose mit L-Prolin entstehen sollte. Die 
Verbindung reagiert als Amadori-Verbindung positiv mit alkalischer K,[Fe(CN),]- 
Lésung, ihre Spaltung mit verdiinnter Essigsdure liefert nur L-Prolin und Hydroxy- 
methylfurfurol und keine L-Sorbose, die aus einer Aldose-Aminosadure zu erwarten ist. 
Aus den Mutterlaugen wurde eine amorphe Substanz erhalten, die ein Gemisch aus 
L-Sorbose-L-prolin und einer erw irtungsgemass durch Ketosylamin-l mlagerung 
entstandene Aldose-Aminosdure darstellt. Die Riickspaltung dieser Substanz mit 
verdiinnter Essigsdure liefert neben L-Prolin und Hydroxymethylfurfurol auch L-Sor- 
bose, was einwandfrei fiir das Vorliegen einer Aldose-Aminosaure spricht. Es handelt 
sich vermutlich um L-Gulose-! -prolin (X11) und nicht L-Idose-1 -prolin (XIII), da nach 
unseren Erfahrungen bei der Umsetzung von L-Sorbose mit Glycin bevorzugt L- 
Gulose-glycin gebildet wird. 

L-Hydroxyprolin liess sich weder mit Fructose noch mit Sorbose zu den entspre- 
chenden Hexose-Aminosaduren umsetzen. Dies | rgebnis stimmt mit den Beobachtungen 
bei aliphatischen Aminosduren iiberein. Auch dort reagieren Oxyaminosduren z.B. 
L-Serin, schwieriger als L-Alanin.® 

In den IR-Spektren von p-Glucose-L-prolin, D-Fructose-1 -prolin und L-Sorbose- 
L-prolin lassen sich keine Carbonylbanden nachweisen. Es liegen demnach auch die 
Ketose-L-prolin-Verbindungen in cyclischer Halbacetalform vor. Sie stimmen in 
ihrer Struktur durchaus mit anderen Ketose-Aminosduren und mit |-Desoxy-piperi- 
dino-p-fructose iiberein. Offenkettige Amadori-Verbindungen mit sekundaren 
Aminen liegen vor in den |-Desoxy-(l-methylarylamino)p-fructosen.® Ebenfalls 
offenkettig sind nach Heyns und Schulz die Fructuron-Aminosduren 
Die Bildung von D-Glucose-1 -prolin (V) und D-Mannose-L-prolin (VI)aus Fructose 


EF. I J. Anet, Austr. J. Chem 12, 280 (1959): J. Amer. Chem. Sox 82, 1502 (1960) 
% K. Heyns und W. Schulz, Chem. Ber. 93, 128 (1960) 
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(IID) und L-Prolin verlauft iiber ein intermediir gebildetes N-Fructosid (IV), welches 
eine normale Ketosylamin-Umlagerung eingeht. Das Mengenverhiltnis von V und 


VI wird offenbar durch sterische Effekte bestimmt, da es durch Variation des Lésungs- 
lc nicht wesentlich zu beeinflussen ist. Das Kalotten-Modell lasst erkennen, 
dass axial-stindiges Prolin im D-Mannose-t-prolin (V1) stirker behindert ist, als 
Squatorial-standiges Prolin im p-Glucose-t-prolin (V), so dass das Mengenverhaltnis 


vu Gunsten der letzteren Verbindung verschoben sein 


erige t die Bildur D-Fructose-L-prolin (LX) aus Fructose und L-Prolin 
zu erklare la dix Vi ng rma vC ir aus Glucose (VII) und L-Prolin 
liber ne Amadori-l des entsprec len N-Glucosids (VIII) entstehen 
kan! In friiheren Mod rsu nan < tas Ketolen mit der Gruppierung 
R—CO—CH,OH konnten wir zeiget dass diese Verbindungen mit Aminen tn det 
Form thre mere! droxvi hvde 1 an liessender Ur 


l Hvdroxvaldehydanteile 
infolge ihrer héheren Reakt itin Richtung zum Aminoketon um. Da bekanntlich 


ein sehr geringer Anteil der offenen Form der Fructose stets im Gleichgewicht mit der 


Halbacetalform vorliegt, wire cine Konkurrenzreaktion det offenen Fructose im 


Aminosauren 
gen im Sinne 
eines vores werten Gleichgewichts- oder | lagerungsproduktes niemals nach- 


weisen. Als zweiter Mechanismus der Fructose-L-prolin-Bildung ware eine Sekundar- 


reaktion von Glucose-L-Prolin mit tiberschiissigem L-Prolin in Betracht zu ziehen 

Glucose-L-prolin kann t t-Prolin. wie wir fanden. am C-Atom | zu einem N- 

Csivcosid reagieren weiches cine! Amadori [’mlagerung zu einen L mlagerungs- 

produkt unterliegt, dessen Spaltung lann Fructose-t-prolin liefert. So lasst sich berm 

Erhitzen von Glucose prolin in Methanol mit L-Prolin die Bildung von Fructose-L- 

prolin beim Erhitzen mit L-Valin gewissermassen im Kreuzeversuch dic Bildung von 

Fructose-L-Valin nachweise! Fin derartiger Reaktionsverlauf lasst sich auch bet i 
anderen Glucose-Amu 4uren zeigen. z.B. gibt Glucose-t-Valin durch Umsetzung . 
mit L-Valin Fructose-L-Valin. Uber das Ausmass beider nebeneinander verlaufenden 


Reaktio 


Das Verhdltnis der entstehenden Glucose- und Fructose-Aminosauren Ist durch 


die Bildungsgeschwindigkeit der Glucose-Aminosduren bestimmt. Werden diese sehr 


rasch gedik so wird d angebotene Aminosdure schnell zur Glucose Aminosdure 


umgesetzt und Nebenreaktionen treten kaum ein Dhes entspricht in der Tat den Beo- 
bachtungen. Mit stindigen Aminosduren. wie z.B Alanin Aminobuttersaure 


und e-Aminocapronsdure, lasst sich die Ketosylamin-Umlagerung sehr leicht bereits bet 


Zimmertemperatur durchfiihren. Die Konkurrenzreaktion kommt hier kaum zum 


Tragen und es werden nur untergeordnete Mengen von Fructose-Aminosaure neben 
Aldose-Aminosduren gefunden. Je grésser der Rest der Seitenkette bei einer x-Amino- 
siure ist. desto mehr wird die Ketosylamin-Umlagerung erschwert Dies ist bei 
L-Valin, insbesondere aber bei und 
der Fall. Diese Aminosduren liefern daher bei der Reaktion mit Fructose neben 


Aldose-Aminosduren einen betrachtlichen Anteil an Fructose-Aminosauren. Bei der 


K. Hevns und W. Stumme, Chem. Ber. 89, 2833, 2844 (1956) 
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Umsetzung mit Prolin ist durch die sekundare Aminogruppe die Ketosylamin- 
L mlagerung weiterhin erschwert, wodurch sich die durch Nebenreaktion gebildete 
Menge an Fructose-Aminosdure auf iiber die Halfte der gesamten Reaktionsprodukte 
erhoht. 

Mit Sorbose lasst sich, wie wir von den | msetzungen mit Ammoniak wissen." die 
Ketosylamin-Uml: igerung erheblich schwerer durchfiihren als mit Fructose. Bei der 
Reaktion von Sorbose mit L-Prolin wird demnach die Ketosylamin-l mlagerung 
ee von der Kohlenhydri itkomponente her erschwert. Dies hat zur | olge, dass 
die Nebenreaktion zur Ketose-Aminosdure zur Hauptreaktion wird und in iiber- 
wiegender Menge L-Sorbose-1 -prolin neben nur wenig Aldose-L-prolin erhalten wird. 


Reaktion von Fructose mit sekunddéren Aminen 


Nach Heyns u. Mitarbeitern und Carson"-"6 re; igieren primadre Amine bei 0 glatt 
mit Fructose, wobei unter Ketosvlamin-l mlagerung det primar gebildeten N-Fructo- 
side N-substituierte Derivate des Glucosamins entstehen. Mit sekundiren Aminen 
konnten wir unter vergleichsweisen Bedingungen mit Fructose keine Reaktion fest- 


stellen 


Bei erhéhten Temperaturen (40—60°) liess sich durch I msetzung von Fructose mit 
Piper din ein sirupéses, durch Sdure leicht spaltbares N Glycosid gewinnen. Dieses 
konnte mit Essigsdure als Katalysator in cuter Ausbeute zu einem sdurestabilen 
Amino-zuckergemisch umgelagert werden. das im weset tlichen aus zwei Substanzen 
bestand, von denen die eine Komponente in weitaus grosserer Menge gebildet worden 
war. Die Reaktionslésung enthielt neben Fructos« rossen Mengen durch Lobry de 


Bruyn-van Ekenstein-Umlagerung unter dem Finfluss des stark basischen Piperidins 
entstandene Glucose 


Das mittels Austauschersdulenfraktionierung abgetrennte Hauptprodukt erwies 


sich als identisch mit der von Hodge und Rist® beschriebenen |-Desox. |-piperidino- 
D-iructose. Das zweite Produkt, vermutlich das erwartete durc K etosylamin- 
Umlagerung gebildete Derivat des Glucosamins erwies sich als recht empfindlich. 


Es zersetzte sich beim Stehen und konnte nicht in 1 ner Form erhalten werden. Bei 
der Umsetzung von Fructose mit Piperidin erfolgt demnach bevor rugt cine Isomerisie- 
rung zwischen C-Atom 2 und | zu Glucose, die dann unter Amadori-Un lagerung 
weiterreagiert. Die Bildung von Glucosamin-Derivaten liber eine Ketosylamin- 
Umlagerung erfolgt nur in untergeordnetem Masse 

Bei der Umsetzung von Fructose mit Piperidin konnten wir als Nebe nprodukte 
zwei Reductone erhalten: Ein im Hochvakuum sublin lierbares, extrem hygroskopi- 
sches zersetzliches Reducton und ein kristallisiertes stabiles Reducton, welches mit dem 
kirzlich von Weygand und Hodge"? in seiner Struktur aufgeklarten Piperidino- 
hexose-reducton )yliden-(4) ]piperidini- 
umbetain) identisch ist. Die Bildung dieses Reductons diirfte demnach nicht aus 


Fructose direkt geschehen, sondern aus der durc! 


n primare Umlagerung entstandenen 


Glucose iiber die |-Desoxy-1-piperidino-p-fi uctose. 


Wir haben ferner Fructose unter verschiedenen Reaktionsbedingungen mit 


“ K. Heyns, H. Paulsen, R. Eichstedt und M. Rolle, Chem. Ber. 90, 2039 (1957 

® J. F. Carson, J. Amer. Chem. S 77, 1881, 5957 (1955): 78, 3728 s 

’* K. Heyns, R. Eichstedt und K. H. Meinecke. Chen Ber. 88, 1551 (1955) 

7 f Weygand, H. Simon, W. Bitterlich. J. I Hodge und B. E. Fisher Tetrahe m 6, 123 (1959) 
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Sirup), Frakt 42-48 ergeben Frakt B (620 mg Sirup, jeweils nz trennen der TCE mit Ather und 
Einengen) 

Die 
vom sa 


L-Pr 


lann 
iappu 


tionen 


4 D-Fructose-L-Prol D-Glucose-L-f jedoch treten v allen Sudstanzen weite Uber- 
44 ngszoner aut. ss e mehr che Sa re erforderlic ‘ 4 é 
49 
f undek 8 
BuAw | 0 O 
9D e 
‘7 35 3 35 50 
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\ 
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ste |} | \ en 
M ie R 
Ausbd. 300 n Zé 
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kristallisierte ch Beim; SO n Fructose P IX) elches cle s cose 
dargestellten Verbing identisch is 
Die Frakt. A \, werden zur Ge ing von D-Mannose-1-P1 VI) noch zweimal an 
kleinen Saulen von Dowex 50 8 (200-400 mesh) H*-Forn 2 250 n nit 0-2 ktion- 
Rid iert. Reines D-Mannose-.-pri Ry 0-21 (BUAW) lisst sich dabei nicht erhalte Eine Reihe Frak- 
oa. Wau in denen diese Verbindung am meisten angereichert ist, wird nach Abtrennung der TCE zur 


256 K. Heyns, H. PAutsen und H. SCHROEDER 


Trockne eingeengt, ausgewogen und spez. Drehung bestimmt. Diese betriigt zwischen [x]f’ —12 
bis —24°. Damit ist erwiesen, dass diese Verbindung die Manno-, die kristallisiert erhaltene dagegen, 
die Gluco-Konfiguration besitzt 

p-Fructose-L-Prolin (1X). 102 g getrocknete p-Fructose und 9-0 g getrocknetes I -Prolin werden in 
1250 ml abs. Methanol unter Feuchtigkeitsausschluss bei 50° gelést und 2-5 Std. bei 60° gehalten. 
lést und auf eine Sdule Dowex 50 x 8 


Das Methanol wird i. Vak. abgedampit der Sirup in Wasser § 
(200-400 mesh) H*-Form (32 $00 mm) gebracht, mit 1-5 1 Wasser gewaschen, um die Fructose zu 
entfernen, und mit 0-2 n TCE eluiert in Fraktionen zu 10 ml. Frakt 2-137 enthalten p-Fructose-.- 
Prolin. ab Frakt 138 erscheint Prolin. Die vereinigten Fraktionen werden zur Entlernung von rc 
mit Ather perforiert. Die Extraktion wird nach Einengen i.V. auf cin kleines Volum wiederholt. Der 
erhaltene Sirup wird mehrmals mit Methanol aufgenommen und eingeengt Bei Wiederaufnahme in 
100 ml Methanol kristallisieren in eimigen Tagen 10-8 ¢ p-Glucose-t-Prolin im Fisschrank. Durch 


25 ¢ in zwei Fraktionen 


Einengen der Mutterlauge und Aufnehmen tn Methanol werden weitere | N 
erhalten 
Gesamtausb. 12-05 g (S50 d.Th.) 
Zum Umkristallisieren werden 4-0 g Rohprodukt in 600 ml Methanol heiss gelést. Im Eisschrank 
und nach t engen scheiden sic! 2-7 @ Kristalle ab, dic 1 Mol. Kristall Methanol enthalten F 80-81 
HCl) (C,,H,.NO;-CH,OH (309-3) Ber. C, 


ics 100 n Methanolr Wasser veldst so kristallisieren 


ine en Tag 3-05 e aus. Diese Verbindung enthalt 1 Mol Kristallwasser F 119 (Zers. bei 134) 
86 2 in H,O 2 in 2n HCl) (C,,H,.NO-H,O (295-3) Ber. ¢ 
44-71: H. 7-17: N. 4:74: Gef. C, 44-80; H, 7-01; N, 454°) 

Die Kristall-Methanol-haltige Verbindung gibt bei 0-1 Torr 80 liber P.O, getrocknet den Methanol 
ab. Das Kristallwasser Ka cht ohne Zerset der Verbindung abgetrennt werden. Freie Verb 
F 137° (Zers). | >? in H.O) (C,,H,.NO- (277:3) Ber. C, 47°64; H, 6°91; N, 5:05; 
Gef. C, 46°84; H, 682; N, 

R, 0-12 (BUEW): R, 0-20 (BuAW); R 0-61 (BUEW):; R, . 0-71 (BuAW) 

-So P n (XI) 0 getrocknete L-Sorbose d wasserfreies L-Prolin werden in 
$00 n vasserireiem dest Dimethylsulfoxyd suspendiert und die Lésung 3 Tage bei 60 
echalt Das Dimethylsulfoxyd wird bei 0-2 Torr bei einer Temp. u terhalb 50° abdestilliert. Der 

hrm Wasser feenommen und wieder im Hochvakuum eingeengt, um das 


Dimet! sulloxyd weilgene 1 Zu entic Der erhaltene S ip wird Wasser 

Siule Lewatit S 100 H*-Form (32 540 mm) gegebe die iiberschiissige Sorbose mit 1-5 | Wasser ‘i 
a rewaschen und dic Hexose-Aminosauren n t 0-2 n TCE elutert, wobe Fraktionen 10 mi aut- 

vefangen werden. Frakt 65-240 enthalt reduzierende Substat ind wird vereinigt. Ab Frakt 170 

ersche Prolin. Die vereinigten Fraktione verde r Entfernunge der TCE im Perforator mit 

(200-400 mesh) H*-Form 

xd Stehen im 

Tropfen Wasser gelodst 

Krist n Essschr . Durch Eimengen Ger lutterlauge aul die Halite nd Zugabe vor 100 ml 

2 in H,O 


Mut 


(C..H..NO. (277-3) Ber. C, 47°64; H, 6-91; N, 5-05; Gef. C, 47-04; H. 6-65: N, 5°13°%) ; 
R, 0-07 (BuEW); R 0-56 (BUEW) 
Die Mutterlauge wird eingeengt und mit Ather eine amorphe Substanz gefallt [x]pD; 15 

Diese ¢ u 3/4 L-Sorbose-L-Prolin und zu 1/4 eine Aldose-t-prolin-Verbindung (vermutlich L- 

Gulose-t-prolin). R, 0-08 (BuEW) R 0-64 (BUEW) 


Fructose mit Piperidu 0 © vetrocknete Fructose wird in 45 ml dest. Piperidin gelést und 8 Std 


auf 60° gehalten. Papierchromatographisch ist im Fliessmitte! P-A-W ein N-Glycosid nachweisbar 


Das Piperidin wird schonend i. Vak. weitgehend abdestilliert. Der Sirup wird in 40 ml Methanol 


had 
: 
46-60; H, 7-49; N, 4°53; Gef. ¢ 
ig 
Na 
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gelést und 2-5 ml Eisessig als | mlagerungskatalysator zugefiigt. Es wird i. Vak eingeengt und die 
Substanz auf eine Séiule Lewatit S 100 H*-Form (32 = 480 mm) gegeben. Zur Entfernung des 
Zuckers wird mit 2 | Wasser gewaschen. Im Durchlauf befindet sich Fructose und Glucose. Es wird 
eluiert mit 0-25 n HCI. Alle Silbernitrat-positiven Fraktionen werden vereinigt und i. Vak. unterhalb 
45° eingeengt. Um die Salzsiure weitgehend zu entfernen, wird das I inengen nach Wasserzugabe 
mehrmals wiederholt. Die Substanz wird zur weiteren Reinigung auf eine Séiule Dowex 50 8 
(200-400 mesh) H*-Form (32 440 mm) gebracht und mit 0-25 n HCl eluiert und in 4 ml Fraktionen 
aufgefangen. Die ersten Frakt 203-223 enthalten das reine Hauptprodukt von R, 0-28 (Bu-E-W). 
Sie werden eingeengt und es ergibt sich eine sirup6se Substanz, die in allen Eigenschaften (Papier- 
chromatographie, Reduktionseigenschaften, Drehung) mit dem Hydrochlorid der 1-Desoxy-1- 


~ 


piperidino-p-fructose von Hodge und Rist® iibereinstimmt. Die letzten Frakt. 276-309 enthalten zu 


+ 


5 angereichert das zweite | miagerur gsprodukt, vermutlich ein entsprechend N-substituiertes 
Glucosamin R, 0:34 (Bu-E-W). Es gelingt nicht, dieses Produkt in reiner Form zu gewinnen. Beim 
Stehen zersetzt es sich unter Bildung eines Produktes vom R, 0-23 (Bu-E-W) 

Ein anderer Ansatz von Fructose mit Piperidin wird 20 Std. bei 60° stehen gelassen. Das Piperidin 
wird bei 0-2 Torr abdestilliert und nach Aufnahme mit Methanol wieder eingeengt Bei 0-1 Torr und 
40° unter N,-Atmosphiare sublimiert ein Reducton ab. Die Nadeln zerfliessen sofort bei Luftzutritt 
und die empfindliche Substanz farbt sich dunkel. Det sirupése Riickstand wird in Methanol aufge- 
nommen, dabei scheiden sich sofort Kristalle ab F 230°. Die Substanz ist identisch mit dem Piper- 
idino-hexose-reducton von Hodge® 

pD-Psicose. 18-1 ¢ get nete D-Fructose werden in 36:3 ml frisch destilliertem Dicyclohexvlamin 
und 130 ml abs thanol gelést und unter Riihren 20 Std. bei 60 gehalten. Die Lésung wird i. Vak. 
unterhalb 45° eingeengt, der Sirup mit 200 ml Wasser versetzt. Die sich abscheidende Dicyclohexyl- 
amin-Phase wurd durch dreimaliges Ausschiitteln mit Ather entfernt. Die 1 sung wird iiber eine 
Sdule Lewatit S 100 H orm (32 460 mm) geschickt und der Durchlauf i. Vak. zum Sir Ip einge- 
engt. Zur restlosen Entfernung von Methanol wird nochmals mit Wasser eingeengt, ergibt 17 8g 
Sirup. Dieser wi 1 25 isser gelOst, mit (NH,).CO, Pu 7°5 gebracht, 300 mg NH,H,PO, 
und 2 g Biickerhe ivegeben und 3 Tage bei 3 ebri fe wird mit wenig Kohle abzentri- 
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FACTORS AFFECTING STABILITY AND EQUILIBRIA 
OF FREE RADICALS 


STERIC FACTORS IN HYDRAZYLS 


BALABAN, P. T. FRANGOPOL, M MxkrcuLcescu and J. BALLY 
f At Bucharest, Roumania 
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assumes a non-planar form (“propeller” for triarylmethyls) which reduces the con- 
jugation in the radical and thus the dissociation is reduced. These steric effects can 
hardly be separated, but the former usually predominates over the latter, the net 
result being that bulky ortho-alkyl groups tremendously stabilize triarylmethyl and 
even diarylmethyl radicals® (the effect is largely steric since o-methoxy groups do not 
show it’). Only in some bridged compounds with fixed steric configuration can these 
two effects be separated, e.g. the tripticyl radical is instable* because only the indirect 
steric effect is at work (for a stable triphenylmethyl radical with rigid oxygen bridges 
cf.) In the case of oxygen free radicals, bulky t-butyl” or phenyl" groups in both 
ortho positions are essential for the stability of aroxyls; here only the direct steric 
effect is involved. 

Nitrogen free radicals differ from carbon free radicals in that they do not react with 


oxygen. Indeed, this is one of the reasons why 1,1-diphenyl 2-picryl-hydrazyl!* 


(2,4,6-yl*: 1, R R H) is so widely used as a standard free radical for electron 


spin resonance measurements.'*:!*> The other reason is its stability: it has no tendency 


towards dimerization in solution or in crystallin State even at low ten epratures' and 


it does not dispri irtionate even on pl ved he iting. The unreactivity of 2.4.6-yl 
extends even to the reaction with the characterist eagel r nitrogen radicals, NO. 
On the other hand 2.4.6-yl readily gir 1ydrog abstractions’ and her redox 
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two main chemical applications (oxidizing action In redox systems, and radical 
scavenging and counting; for limitations in the latter reaction see!’ and for chemical 
dosimetry of ionising radiations see!”) 

2.4,6-Y1 is exceptional among other nitrogen” hydrazyl”” free radicals, not only 
because of its amazing stability, but, and especially, because of the contradictory 
effect of nitro groups which in 2.4.6-yl contrary to all other nitrogen free radicals, 


exert a stabilizing influence This “puzzling contradiction disappears if one 


postulates that the stability of 2,4,6-yl is not electronically, but sterically conditioned. 
Until now no consistent discussion of the steric effects on the stability of nitrogen Iree 
radicals has been published, U ugh for carbon and oxygen Iree radicals the im- 
portance of the steric factor hé ar “| og > Only an indirect steric 
effect has been mentioned he ci ‘tra-arvihydrazines. We suppose on the 
contrary, that in 2,4,6-yl a stabdilizins ic eflect is Operating 

lid not bear on the sterical but on 
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The present paper describes the synthesis and properties of radicals VI and VII in 
which the picryl group in 2,4,6-yl has been replaced by a 2,6- or 2,4-dinitrophenyl 
group. 

RESULTS AND DISCUSSION 


rhe general method of Goldschmidt and Renn” was followed. namely the nucleo- 
philic aromatic substitution through 1,1-diphenyl-hydrazine of a halogen atom activ- 
ated by o- and p-nitro groups, to yield the triarylhydrazines IV and V respectively, 
which were subsequently dehydrogenated with lead peroxide (PbO,). While 2.,6- 
dinitrochlorobenzene reacted normally, though much less readily than picryl chloride, 
it was not possible to prepare 2,4-ine (IV) starting from 2,4-dinitrochlorobenzene 
which yielded only solvolysis products. However, 2,4-ine was readily prepared with 
the much more reactive 2,4-dinitrofluorobenzene, which reacted with | ,1-diphenyl- 
hydrazine almost as rapidly as picryl chloride. On the other hand, | ,1-diphenylhydra- 
zine did not substitute p-nitrofluorobenzene even under drastic conditions (had this 
reaction been successful, a third radical with both ortho positions free from steric 


interference would have been prepared) 


he oxidation with lead peroxide proceeded normally, yielding in both cases violet 


solutions (in chloroform, 1.2 


hloroethane or benzene), very similar with the 2.4.6-vl 


solutions. The radical 2,6-yl (VII) was easily isolated through evaporation of the 


solvent and recrvstallization from benzene ligroin 

However, the radical 2,4-yl (V1) could not be isolated in crystalline state, because 
its solutions became brown on concentration (even at low temperature and in the 
absence of air), and its benzenic solution prepared in the cold deposited only a brown 
product on dilution with petroleum ether. This brown product gave no paramagnetic 
resonance absorption and consequently was no longer a radical. In dilute solution, 
2.4-yl is stable for several days 


} 


rhis difference between 2,4-yl and 2.6-yl strikingly illustrates the importance of 


steric effects for the stability of triarylhyvdrazvl free radic; while in both 2.4-yl and 
2.6-yl the electronic effects at nparable, only 2,6-yl with both o-positions occupied 
by bulky nitro-groups is stable and monomeric in crystalline state with one 0-position 
free . ciabl ally hindered than 2.4.6-yl o1 2,6-yl and that 


explains why it is 1 able > isolated in solid state; whether the brown compound 


is formed from it tl disproportionation, or other reaction such as 
intramolecular substituti a phenazone derivative cannot be definitely ascertained 
as yet. Though it is not safe to draw conclusions from unsuccessful experiments, we 
believe that the failure to isolate 2,4-yl in solid state is significant, and that it proves 


that 2,4-yl is less stable than 2.6-vI 


{hsorption spectra 


Ultra-violet and visible absorption spectra were determined for the three hydra- 
zines 2,4,6-ine, 2,4-ine (I[V) and 2,6-ine (V) in neutral and alkaline methanol solutions. 
and for the three radicals 2,4,6-yl, 2,4-yl and 2,6-yl in 1,2-dichloroethane solution. 
rhe absorption spectra are given in Figs. 1-3, and through graphical interpolation the 
bands shown in Table | were found. The results for 2,4,6-yl and 2,4,6-ine are in 
agreement with reported spectra**.”* (no data below 260 mu were previously given). 


*S. Goldschimdt and F. Graef. Ber. D h Te 61, 1858 (1928) 
** R. H. Poirier, E. J. Kahler and F. Beninet , g. Chem. 17, 1437 (1953) 
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The relevant features are summarized in the following items 

1. All three hydrazines have thre ands i utral solution, a 225, 265 and 
330 mu (the last band is shifted \ ith towards t sible its intensity is 
dec! sca in 2.6-11 ne val ably Stal lor all three 


L« 


hvdrazines 


9. In basic solution the situation is less clear-cut: 0-05 N NaOH solutions consider- 


ably affect the colour of 2,4,6-ine, yielding a spectrum ¢ ‘ntiallv identical with that of 
0-5 N NaOH solutions: however, 2,4-ine and even more ? 6-ine do not change colour 


in 0-05 N NaOH solutions and the absorption spectra do not differ from spectra 


determined in neutral solution. The greater acidity of 2,4,6-1ne Is not surprising, since 
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it has one activating nitro group more. In 0-5 N NaOH solution, 2.4-ine becomes 
violet-brown like 2,4,6-ine, and 2,6-ine becomes green. The spectrum of 2,4,6-ine 
presents three bands at ca. 250, 320 and 430 my; the last band is split into two 
closely situated bands in 2,4-ine (ca. 400 and 430 my: interpolation errors were rather 


high in this case owing to the shape of the band eny elope) and into two distanced bands 


in 2 
2.6-ine hi 
zines, and the 
2.4.6-ine in b 
masked, at abo 

3. All three fi e radicals present a band ; mu ponsible for the violet colour, 
though its wave length and intensity in 2 -yl are smaller than in the other two radicals 
(this is the reason that solutions of : ore pale 
than solutions in equal concentrations of the other two radical ind another band at 


330 mu. However, the remainder of the spectrum juite different: 2,4.6-yl contains 
no more bands: 2.6-yl has a band at 315 mu anc ibly a lete isked band 


with A»... 375 mu, « 2800, f 0-048, whose pr is suggested by the asymmetry of 
the descending branches of the 330 mu band yl contains two distinct bands 
at 288 and 435 mu. The last spectrum was determined immedi itely after oxidation 
with PbO, of a solution of 2,4-ine in dichloroethane; the possibility is however not 


excluded that in this case the decon position products of the radical manifest them- 


3 


selves in the absorption spectrum he 435 mu band could possibly originate in this 


way, and if this were true the sensibly higher ~/ value for 2,4-yl would come into line 


with the other two radicals (0-5). 

Previous spectra of 2,4,6-yl were determined in chloroform *.2%(cf. also®?.*), 
Using 1,2-dichloroethane we advanced about 30 mu into the ultra-violet range. In 
order to enlarge still further the spectral range, the spectra of 2,6-yl and 2,4,6-yl were 
also determined in di-n-butyl ether (the solubility is satisfactory) and in cyclohexane 


*° R. H. Poirier and I Benington, J. Org. Chem. 19, 1847 (1954) 
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(very small solubility). An extremely intense band at the spectral limit (205 my) was 
apparent for both radicals with a slight inflexion at 237 my. Small hipso- and hypo- 
chromic effects were noted in the solvent sequence dichloroethane —> dibutyl ether > 
cyclohexane. 

The assignment of electronic transitions can be done, tentativ ely and qualitatively, 
for all bands excepting those with shortest wave lengths. 

rhe band with longest wave length in the hydrazine spectrum (neutral solution) is 
due to the partial chromophore*!.** comprising the polynitrophenyl group and the 
adjacent NH group. A conjugation throughout the molecule would cause absorption 
at wave lengths greater than 400 mu. Such a conjugation is impossible both for 
electronic (because it would imply highly improbable structures like VIII with adjacent 
positive nitrogen atoms) and for steric reasons. Molecular models after Stewart- 
Briegleb show that diphenylamine is non-planar; in the arrangement nearest to 


coplanarity the two phenyl rings make a dihedral angle of ca. 150° (this is the largest 
possible dihedral angle). In 1,1-diphenylhydrazine the same situation occurs, but it is 
apparent that the two hydrogens bonded to nitrogen are not equivalent: one of them 
is completely screened by the hydrogen atoms in ortho-positions. This N-bonded 
hydrogen is to be found also in triarylhydrazines, namely IV and V, since it cannot be 
replaced by other groups. The polynitroaryl group is perpendicular to the approxi- 
mate plane of the two phenyl groups. Nitro groups in ortho positions have no space 
for free rotation and they are twisted out from conjugation with the aromatic ring. 
[he situation must parallel the configuration of picryl iodide, where X-ray diffraction 
studies showed* that ortho-nitro groups were twisted and had large C—N distances, 
while the para-nitro group was coplanar and had a small C—N distance (an X-ray 
diffraction study of 2,4,6-ine, 2,4,6-yl and related substances would be highly interest- 
ing, not only because it would clear up the problem of steric configurations, but also 
because it would show how solvent molecules are complexed in radical crystals**~*), 

While the lack of conjugation through two hydrazinic nitrogen atoms has been 


agreed upon,” it seems that even in diphenylamine derivatives and related substances, 


a conjugative effect is absent,** although previous reports reported the contrary.%7»38 


The second band in the spectra of hydrazines, at ca. 265 my, can possibly be due 
to the other partial chromophore, the diphenylamino moiety. The hipsochromic 
shift from the corresponding band in diphenylamine (285 my) could be ascribed to 


** P. Grammaticakis, Bull. Soc. Chim. Fr. 99, 1372 (1954) and previous papers 

= V_ A. Izmail’ski and K. A. Nuridjanian. Do/ tkad. Nauk SSSR 129, 1053 (1959); 133, 594 (1960). 

*8 G. Hase and H. M. Powell, J. Chem. Soc. 1398 (1940) 

* M. Sternberg, C. R. Acad. Sci., Paris 240, 990 (1955) 

* J. A. Lyons and W. F. Watson, J. Polymer Sci. 18, 141 (1955) 

© A. E. Arbuzov, F. G. Valitova, N. S. Garif’ianov and B. M Kozyrev, Dokl. Akad. Nauk SSSR 126, 774 
(1959) 

*? F. Bohlmann, Chem. Ber. 84, 490 (1951) 

°° H. H. Jaffé, J. Chem. Phys. 22, 1430 (1954). 
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steric factors. (Cf. recent illustrations of absorption due to partial chromophores in 


tetraphenyls™ and in pyrylium s ilts®). 
In hvdrazvl free radicals and in hydrazine anions. both electronic and steric factors 


are changed: electronically, structures like VIII with two positive adjacent nitrogens 
are no more involved; sterically, the configuration has changed owing to modified 
hvdradization in the radical, and to disparition ol the N—H...O—N hydrogen 
bond.2. Thus, conjugation throughout the molecule is allowed, giving rise to the 
530 mau band in the radical and to absorption beyond 400 my in hydrazine anions. 
number of bands in 2,4,6-yl and 2,4,6-ine anion indicates a higher 

the well-known case of malachite green and crystal violet. 

wave length band of 2,6-ine in basic medium (like 2,4-ine 

chromic and hypochromic effects observed for the longer 
hands in 2.6-ine in neutral and basic medium, can be accounted for by 


at in 2.6-ine the two nitro groups are not equivalent, as formula V would 


lrazvis and hydrazine anions can analogously be 


resp. fully-oc upied orbital in the 


red and ESR spectr: e reported later 


EXPERIMENTAI 


), which may 


iban and C. D 


“oO. W 

“H.W lar j ter. Di 3308 (1913) 

* R. Boyer, E. V. Spence umd G right. Canad. J. Res. 24B, 200 (1946) 
K. Okoén, Rocz. Chem. 33, 45 (1959) 
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be recrystallized from benzene-ethanol or chloroform-ethanol, m p. 174-175 


The conversion into 
2,4,6-yl was effected by shaking for 2 hr with the equal amount of anhydrous sodium s iIphate and a 
20-times larger amount of lead peroxide in chloroform or benzene, and diluting after filtration with 
ether or ligroin. The radical crystallizes with solvent molecules which are lost by cautious heating 
under vacuum, and which caused the differences initially of served in the m p. (e.™ and the last 
ference from'*) and were responsible for variations in data concerning radical scavenging and ESR 
measurements 


Preparation of \,\-diphenyl-2-(2,4-dinitrophenyl 


rine. 2,4-Dinitrofluorobenzene*’ (7 37-5 
mmoles) was refluxed for 1 hr with 7 ¢ (37-5 mm 


diphenylhydrazine and 5-5 g (75 mmoles) 


led for solubilization of 2.4-ine 
-<d press. After cooling, filtering and 
m.p. 118 were obtainec Recrvystalli- 


ethanol afforded orans i needles m.p. 120°, 10-5 g (Found: C, 61-8: H. 4-2: 
N, 16-1. C,.H,.N,O, re 


In the oxidation wit! 


sodium bicarbonate in 150 ml ethanol 
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In Anlehnung an diesen Modellversuch liessen sich ¢ 1-rrans- und cis-Laktamol- 


_ TT und IV, mit Natriumhydrid oder I ithiumamid und p-Toluolsulfon- 


methylither 
siurechlorid tosylieren, wobei aber die Umsetzungen im Gegensatz zum Modell- 


versuch sehr schlecht verliefen 7war ergab die C/D-cis-\ erbindung LV daserw iinschte 


N-Tosviat VII, aber nur in schlechter Ausbeute und das Ausgangsmaterial wurde zum 


gréssten Teil regeneriert A ndererseits fand bei der Umsetzung vom C/D-trans-KOrper 
Ill auffallenderweise keine N-Tosvlicrung, sondern en O-Tosvlicrung an der 3/- 
Hydroxylgruppe statt, wenn auch nur in geringe! Aus| Zum Beweis dafir 
diente das IR-Spektrum des Produktes XIII, das noch das Vorliegen der unverinder- 


ten Imid-Gruppe aber ine Acetoxylgruppe mehr aufwies Ferner war die einzige 
bande bei | 1 gar nicht nach kiirzeren W ellen verschoben, was gegen 


Carbonv! 
XIII ausserdem durch Reduktion mit Lithium 


m Ammoniak glatt in den freien Alkohol XIV iiberfuhrt 


ein N-Tosylsaurean 
und Alkohol in a 
wurde. ist die Formulierung X! 

Im Gegensatz zur Tosylicrung veri | rung s¢ 


von IIT und LV mit Natriu vdrid un hansulfonsiurechlorid in det Toluol- oder 


fiir dies« nsetzungsprodukt einwandfrei richtig. 


hr glatt. Die Umsetzung 


Xviol-Lésung ergab nun Gd ht ukte und VI in einer Ausbeute von 
auf das gebdra icht uSs wesmateria Dic Ergeb- 


yindung IV sind ler Tabelle | zusammengest 


-laktam« er XV wie tiblich ketalisiert und 
mit NaH und Mesylchlorid glatt mesviliert (XVII) 


und N-Mesvl-laktamolmethylathet V und VI in der 


». Parallel dem Modellversuch 


schen Hydrolyse unterwor! 

elatt und V sowie VI liessen sich durch Erhitzen mit ver- 
diinnter Natronlauge in Dioxan Ausbeute in die entsprech nden 13p- sowie 
13x-Carbonsaurt XVIII und XIX verwandein, lurch Methvlierung mit Diazo- 
methan glatt in die Met ster XX bzw. XXI iibergefUhrt wu lien. Die Ausbeute an 
den Estern und ni zogen N-Mesylk6rper, mit 87-5 


der | wenn man, ohne 


die intermediir gebildete fret ’ li ration durchfiihrt. Es 
ferner beme wert. dass di -Spektrum von | Carbonsiure XVIII 
Bande ful das 


wal 


festc 


3x-Carbonsiure 


iufweist. wahrend 


Ringketon und Carbon ei 1711 cm™' bzw. bel 


et darauf hin, dass die Saure XVIII im Gegensatz zu XIX 


Vici 
ad in der Briickenform B vorliegt Der Grund dafiir diirfte 
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Betreffs des Mechanismus dieser Degradationsreaktion kénnte man annehmen, 
dass es sich um eine Art der athylogen 1,4-Eliminierung unter Fragmentierung,*.4 


unter einem synchronen Prozess handelt, weil die hier eingeordneten Atomgruppen 


geometrisch sowie riumlich dazu sehr geeignet liegen. Demnach verliuft die Reaktion 


folgenderweise (Schema 3), wobei sich die Reaktivitiit der Carbonylgruppe gegen das 


nukleophile Hydroxylion, durch die Elektronen anzichende Wirkung des Mesyl- 


Radikals, in hohem Masse verstirken liisst 
Auf diese Weise konnte der Substituent mit der Carbonylfunktion in die angulare 


C,,-Stellung sehr glatt eingefiihrt werden, was zur Synthese der |8-oxygenierten 


Steroide Wit Aldosteron. #8Tossel Wichtigkeit 
Ferner wurde C/D-cis-Laktamol XXII’ wie iiblich ketalisiert und nach einer 


Al,O -chromatographischen I'rennung wurden zwei Produkte erhalten. Gemiiss den 


IL.R -Spektren, sowie den Analysenwerten erwies sich das zuerst eluierte Produkt als 


ein 17-Hydroxy-ithylaitheracetat XXIV und das andere als dessen teilweise verseifter 
3-Alkohol XXIII. Fiir den Ausschluss der Formel XXV, die ein normales Ketal 
aufweist, gelten auch hier die in der vorhergehenden Mitteilung® angegebenen Beweise. 
XXIV wurde dann mit einer dreifachen Menge von NaOH in Athylenglykol 4 Stunden 
auf 120—200° erhitzt, wobei eine langsame Ammoniak-Entwich lung beobachtet wurde. 


Nach der anschliessenden Methylierung wurde das Rohprodukt einer A1,0,-Chroma- 


tographie unterworfen, wonach neben einer geringen Menge eines unbekannten 
Produktes (WN 251), ein Produkt vom Schmp. 222-227° in einer Ausbeute von nur 
ca. 17°. erhalten wurde. Nach dem IR-Spektrum und den Analysenwerten handelt 


es sich bei ihm um einen Dihydroxy-carbonsiureester XXVI, dessen |7-Hydroxyl- 


gruppe aus dem urspriinglichen 17-Keton durch Einwirkung des Natriumglykolates 
nach einer Art von Meerwein-Ponndorf’scher Reduktion entstanden ist. Da unter 
dieser drastischen I inwirkung von Base die Hydroxylgruppe eine aquatoriale, hierbei 
also $-Konfiguration annehmen sollte, konnte man nun dieser die Formel XXVI 


zukommen lassen. Dies wurde weiter dadurch bestatigt, dass sich XXVI durch 


*C. A. Grob und W. Baumann, Helv. Chim. Acta 38, 594 (1955), C. A. Grob. F xperientia 13, 126 (1957). 

* W. Nagata, S. Hirai, H. Itazaki und K. Takeda, I. Mitteilung unter dem Titel Uber die angular substituierten 
poly clischen Verbindungen Beitrag zu J. Org. Chem. im Druck ; 

* vgl. W. Nagata, S. Hirai, T. Aoki und K. Takeda, III. Mitteilung unter dem Titel Uber die angular substi- 

tuierten polycyclischen Verbindungen Beitrag zu Chem. Pharm. Bull. im Druck. 
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Oxydation mit CrO,-Pyridin-Komplex in einen Diketon-Ester iiberfiihren liess, der 
sich mit dem aus dem oben erwihnten cis-Ketol-Ester XX1 durch gleiche Behandlung 


erhaltenen cis-Diketon-Ester XXV Il in jeder Hinsicht als identisch erwies. 


BESCHREIBUNG DER VERSUCHI 
Alle Schmp sind auf dem Kofler-Block “Monoskop” (Fa. Hans Bock, Frankfurt/Main, Deutsch- 


land) bestimmt und korrigiert worde! Alle Sdp. sind unkorrigiert. Wenn nicht anders angegeben, 
wurden Substanzprobdet r Elementaranalyse 3 Std. bei | Torr uber P.O, bei Zimmertemperatur bis 
zu 60°. 70-90° und 100-120" je nac dem Schmp. bis zu 120°, 180° und iiber 180° getrocknet Die 
adsorpt mschromatogramme irden nach der Durch iul vethode durchgetihrt I s werden folgende 
Abkiirzungen beniitzt; Pe Petrolather, Ac Ather, Alk Alkohol, An Aceton, Bz! 
Benzol, Chi Chloroform, Me Methanol, Pn Pentan, Py Pyridin, Akt Aktivitat 


1 C/D-Trans-Reih 


A (1) Aetalisierung vor XV 


300 me XV wurden ublicherweise n it 80 mg Athvienglykol und 50 cc abs. Bzl in Gegenwart von 
30 mg _p-Toluolsulfonsauremonohydrat Ketais ert. Die tibliche Aufarbettung ergab 409 mg Ein- 
damptt ickstand, der direkt a ( An umkristallisiert wurde Dieser ergab 268 n ¢ rohes XVI vom 
Schmp 265-273 Die Mutterlaugen wurden nicht weiter auige irbeitet. Zur Analyse wurde rohes 
XVI weiter aus Chf-An umkristallisiert, reines XVI sch bei 267-273 

175-aminoandrostan-3-on-| 3/)-carbonsaure-( 13 —» 17))-laktam-3- 
athvlenketal XV\. Pyramiden, schmp 267-273, LR om 3455 (NH). 1705 (—-CO—-NH—), 


1111. 1086 (C—O), (Gef.: C, 70°72; H. 9-00: N, 3-61. C,H s0O,;N (M.G 389-52) Ber.: C, 70°92; 
H. 9-06: N, 360°.) 


A (2) N-Mesylierung von XVI 
SO mg XVI wurden in einem Gemisch von 7:5 cc abs. Xylol und ?-§ cc abs. Dioxan geldst, 


durch azeotrope Destillation (ca. 2 Destillat) wurde das anwesende wasset entfernt. In diese 


Lésung wurden 6 mg NaH eingetragen und unter einem N.-Strom und Riihren 5 Std lang unter 
Riickfluss gekocht, wozu eine Lésung von 44mg MsCl in 4cc abs Xylol zugetropft und dann 
weiter 2:5 Std. bis zum Sieden erhitzt wurde 

Nach der Abkiihlung wurde die orga! ische Phase abgetrennt und die wassrige Phase zweimal mit 
Chf extrahiert. Die organischen Schichten ergaben nach Waschen mit Natriumsulfat-Lésung, 


Trocknen iiber Na,SO, und Eindampien im Vakuum 85-9 mg Rohprodukt, das an 2:5¢ Al,O; 


chromatographiert wurde Die mit Pe-Bzl (3:1)-Bzl-Chf (9:1) eluierten Fraktionen (Nr. 6-11) 
ergaben aus ¢ hf-An 27-0 mg XVII in Nadeln vom Schmp 275-284 , dessen Schmp durch nochmalige 
Umkristallisation Dis aul 282-284:5° erhoht wurde Die nachfolgenden Fraktionen (Bzl—-Chf 9:1 
Chf. Nr. 12-20) ergaben aus Chf-An 5°6 mg Ausgangsmaterial (XVI) vom Schmp. £65 276° (Misch- 
probe) 
di-p-Homo-18-nor-17%-methoxy-17 -mesvlaminoandrostan-3-on-\ 3))-carbon diure(13 —» 17)p-lak- 
tam-3-dithylenketal XVII. Nadeln aus ¢ hf-An, Schmp. 282-284 1741 (—CO—N 
Ms). 1363, 1150 (SO,—N—), (Gef.: C, 61-19; H. 8-04: N, 3:14; S, 674. C.yHs,O.SN (M.G. 


467-54) Ber.: C, 61°65; H, 7°98; N, 3-00: S, 685°.) 


A (3) Tosvlierung von Ill 

(i) Zu einer Suspension von LINH. in 10 cc abs. Ae, hergestellt aus 18 mg Li und 20 ce fliissigem 
NH.. das im voraus liber L1 getrocknet und dann nochmals destilliert wurde, wurden 20 cc einer 
Mischung von abs. Toluol und abs. Xylol (1:1 v/v) zuge geben und der Ae wurde abdestilliert. Dazu 
wurde unter einem N,-Strom sowie Riihren cine Lésung von 500 mg Ill in 16°5 cc desselben LOsungs- 
mittels zugetroptt und 5 Std. unter Riickfluss gekocht Hierauf wurde eine Lésung von 490 mg 
p-Toluolsulfonsaurechlorid in 10 cc abs. Xylol zugetropit und dann 1-5 Std. bis zum Sieden erhitzt. 
Nach Abkiihlen wurde etwas Wasser zugegeben. Die organische Phase wurde abgetrennt und die 
wissrige zweimal mit Chf extrahiert. Die organischen Schichten ergaben nach dem Waschen mit 


? T. Reichstein und C. W. Shoppee, Dis Faraday Soc. Nr. 7, 305 (1949). 
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Na,SO,-Lésung, Trocknen iiber Na,SO, und Eindampfen 850 mg Riickstand, der an 30 g Al,O; 
chromatographiert wurde. Die mit Bzl—Chf (9:1-8:2) eluierten Fraktionen (Nr. 13-20) ergaben aus 
Me-An 205-4 mg Ausgangsmaterial II] (Mischprobe) und dann folgten aus den mit Bzl—Chf (8:2-1:1) 
eluierten Fraktionen (Nr. 21-25) aus An—Ae 117 mg XII1 in Prismen vom Schmp. 197-198°. Zuletzt 
wurden aus den mit Bzl—Chf (1 :2)—Chf eluierten Fraktionen (Nr. 30-33) 11-5 mg XIV vom Schmp. 
237-238" (Mischprobe) erhalten, welche mit Ac,O und Py zum Ausgangsmaterial III acetyliert 
wurde (s. unten) 

(ii) 205 mg HII wurden gleicherweise wie bei A-2 mit 18 mg NaH und 150 mg TsCl umgesetzt, 
nur dass eine Mischung von abs. Xylol und wasserfreiem Dioxan (1:1) als I Osungsmittel verwendet 
wurde. Der nach analoger Aufarbeitung erhaltene f indampfriickstand (293-8 mg) wurde ebenfalls 
an 8 g Al,O, chromatographiert, wonach erhalten wurden: aus den Fraktionen Nr. 14—25 (Bz! Chf, 
9:1-8:2) 51:2 mg Ausgangsmaterial (111), aus den Fraktionen Nr. 26-30 Chf, 8:2-1:1) 8-9 mg 
XIII vom Schmp. 195—197° und aus den Fraktionen Nr. 37-45 (Chf und Chf Me, 99-°5:0-5) etwas 
vom verseiften Ausgangsmaterial (XIV) vom Schmp. 233-235", das mit demselben aus (i) vereinigt 
(78-7 mg) und mit 3 cc Py und 2 ce Ac,O bei Raumtemperatur iiber Nacht acetyliert wurde. Das 
erhaltene Acetat schmolz allein sowie zusammen mit II] bei 263-265 

tosylat X111. Prismen aus An und Ae, Schmp. 197-198", I.R. »S®". cm-! 3475 (NH), 1702 (—NH 
CO—), 1603, 1495 (Phenyl), 1370, 1358, 1179 (SO,N—), (Gef.: C, 67-38: H, 8-09: N, 2-99: S, 5-88. 
(M.G. 501-60) Ber.: C, 67-04; H, 7°84; N, 2-79: S, 


A (4) Reduktion von XIII mit Li in fliissigem Ammoniak 


Zu einer Lésung von 250 mg Li in 15 cc flissigem NH, wurde unter Riihren eine Lésung von 
50 mg XIII in 4.cc abs. Dioxan und 6 cc abs. Ae innerhalb von 10 Min hinzugetropft. Nach 5 
Min. wurde mit 3 cc abs. Alk versetzt und dann das Ammoniak verdunstet. Der Riickstand wurde 
mit etwas Wasser versetzt, mit wenig 2N HC] auf pH 7-8 gebracht und dann dreimal mit Chf extra- 
hiert. Die Chf-Ausziige ergaben nach Waschen mit Wasser, Trocknen iiber Na,SO, und I indampfen 
im Vakuum §3 mg I indampfriickstand, der an 2 g Al,O chromatographiert wurde. Die mit Bzl—Chf 
(1:1) eluierten Fraktionen (Nr. 8—14) ergaben aus An-Ae 13-5 mg XIV in Prismen vom Schmp 
239-240 , aus der Mutterlauge weitere 5 mg vom Schmp. 236-241", die sich nach einer Mischprobe 


sowie dem Vergleich der IR-Spektren als identisch mit dem authentischen Praparat von XIV‘ erwies 


A (5) N-Mesylierung von Ul 


(1) In Toluol. 380 mg III wurden in 60 ce abs. Toluol gelést. durch azeotrope Destillation (ca. 
10 cc Destillat) wurde das anwesende Wasser entfernt. Dazu wurden 48 mg (2 Mol Aquiv.) NaH 
zugegeben und dann unter einem N.-Strom sowie Riihren eine halbe Std. unter Riickfluss gekocht 
Hiera if wurde eine Lésung von 230 mg (2 Mol Aquiv.) MsCl in 10 cc abs. Toluol innerhalb einer 
halben Std. zugetropft und weitere 2 Std. bis zum Sieden erhitzt. Unter Abkihlung mit Eiswasser 
wurden 15 cc Wasser vorsichtig z igetropit und die organische Phase abgetrennt Die wassrige Phase 
wurde dreimal mit Chf extrahiert und die organischen Auszige wurden mit Wasser gewaschen, iiber 
Na,SO, getrocknet und dann im Vakuum eingedampft. Der so erhaltene Eindampfriickstand (470 
mg) wurde mit 3 cc Ac,O und 5 ce Py bei Raumtemperatur iiber Nacht zuriickacetyliert. Die iibliche 
Aufarbeitung ergab 473 mg eines kristallinischen Rohproduktes, das aus Chf-An—Ae umkristal- 
lisiert wurde. Es wurden 246 mg V in diinnen langen Platten vom Schmp. 249-254" erhalten. Die 
erste Mutterlauge wurde im Vakuum eingedampft und der Riickstand (235 mg) wurde an 8 g Al,O, 
chromatographiert. Die mit Pe—Bzl (4:6)—Bzl eluierten Fraktionen (Nr. 10-25) ergaben aus Chf—An 
weitere 61-4mg V vom Schmp. 256-259" und die mit Bzl-Chf 9:1-1:1 eluierten Fraktionen (Nr. 
27-34) ergaben aus Chf—An 76°7 mg des Ausgangsmaterials II] (Mischprobe) in Nadeln. Die 
Ausbeute von V betrug insgesamt 307-4 mg (83-5°,, bezogen auf das gebrauchte Ausgangsmaterial). 

(ii) in Toluol—Xylol (1:1). 312-4 mg IIL wurden anal g wie bei A—S5 (i) mit 38 mg NaH und 185 
mg MsCl umgesetzt, wobei anstatt abs. Toluol eine Mischung von Toluol und Xvlol im Volumen- 
verhaltnis 1:1 als Lésungsmittel verwendet wurde. Die analoge Aufarbeitung und anschliessende 
Zuriickacetylierung ergaben aus An—Ae 201-8 mg V vom Schmp. 251-258 Die Mutt rlauge (202 
mg) ergab nach der Chromatographie an 8 g Al,O, weitere 67-5 mg vom Schmp. 260-263° (aus den 
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Fraktionen Nr. 8-24, Pe—Bzi (1 2)-Bzl) und 52-4 mg des Ausgangsmaterials II] vom Schmp 259 
262° (aus den Fraktionen Nr. 26-28, Bzi-Chi (75-25). Die Ausbeute von V war dann 269-3 mg 


(87°. bezogen auf das gebrauchte III) 
y-17)-me 13 17)- 
-laktam V. Diinne lange Platten aus An-Ae, Schmp. 260-263", LR. cm™' 1730 (OC—N 


CH.COO—), 1356, 1169, 1155 1141 (SO N—). 1248, 1028 (CH,COO—), (Gel C, 61°45; H, 


if 


8-03: N, 2-91: S, 7-05. C,H O.NS (M.G. 467-54) Ber.: C, 61°65; H. 7-98: N, 3-00; S, @89",) 


Nat 


Bil) Devradation von Va 


Fine Mischung von 30mg V und 100 mg NaOH in 3:3cc wasserfreiem Dioxan und 0°65 cc 
Wasse! irden unter ¢ N,-Str | Std. bis zum Sieden erhitzt. Nach der Abkiihlung wurde die 
Reaktions t 150 “inure neutralisiert und im Vak m eingeengt. Unter Abkihlung 
wurde der Riickst ad ct W r versetzt und t Kor H¢ ingesduert. Dic ausgeschiede ren 
Kristalle ‘ drein t( extrahiert, Zwe i mit Wasser gewaschen, liber Na,SO, getrocknet 


Vahl jampft. Der Riucksta d (23-2 mg) ergab aus Al und Ae 16°8 mg Saure 
is Me (ein wenig), Chi und An 


; jure XVill Mikroblatter aus Chf-—An, 
». gegen 310 ter Zerset LR 3440. 3265(OH), 1733(CO 1710(inflexion, 


C—O). (Gef.: C, 71°82; H, 914. (M.G. 334-44) Ber.: ¢ 71-82: H, 9-04",) 


atherischer Lésung 


bliche Aufarbeit or produkt, das aus An Ae 82-1 me Ester XX 


hmolz der reine Ester be! 


H yi XX. Sdulen aus An und 
‘ 3427 (OH). 1731 (Ester), 1703 O), 1415 (CH,CO—), 


I e Misc ing mn 1-45 V und NaOH | 150 cc wasserireiem Dioxan und 29 cc Wasser 

le ter N,-Su 3Std.t n Sieden erhitzt. Nach der ADkuhiung irde die Reaktions- 

Lisessig d drema t extraniert Die Chi Extrakte wurden 

ct 2N NaOH a reschittelt \ i t Wasser gewaschen, liber Na,SO, getrocknet und 
dant n m emeged Der erhaltene neutrale Einda nfriickstand (278 mg) ergab aus 

\ 2s \ t Vv) Schmp. 242-250 sowie aus der Mutterlauge 


ith e mit dem Wa er vereinigt ul d unter Abkuhlung mit Eiswasser 
suf K ingesa rt Die a ede! Kr ille wurde sechsmal 
Mis Chi-Me (9:1 erschOpfend ausgeschuttelt Die organische 
Phase ergab nach dem Wasche + Wasser. dem Trocknen liber Na,SO, und dem Eindampfen im Ps 
Vak n 863 Anteik ler veitere der Dioxan-Lésung mit Diazomethat 
+ wurde. Der erhaltene rohe Ester (896-2 mg) ergab aus An-Ac 5$75°5 mg XX vom Schmp 


Insgesamt 777-8 mg 


178-182 


D-« is- Rethe 


Occ abs. Toluo rclOst durch Destillation (ca. 5 cc Destillat) wurde das 


~ 


a sende Wasser entfernt. Zu dieser Lésung wurden unter einen N..-Strom sowie Riihren 16 mg 


NaH zugeeeben. Dann wurde 2 Std. unter Riickfluss gekocht und darauf cine Lésung von 127 mg 
-T jurechiord m cc abs. Toluol zugetr ypit unschhessend weitere 2 St dis Zum 
Sieden erhitzt Unter Abkuhlung mit Eiswasser wurde dic Lésung vorsichtig mit Wasser versetzt und 


die organische Phase abgectrennt Dic wassrige Phase wurde dre mal ersch¢ pfend ausgeathert Die 


organischen Ausziige wurden mit Wasser gewaschen, liber Na,SO, getrocknet und dann im Vakuum 


XVIIL vom 5S 
Sc 
B (2) Behandiuneg | XVIULL Diaz 
85-7 me XVIII 
193.1904 
Ac. Sci rm ‘ 
(Gef.: C. 72:78: H, 932. (M.G. 348-47) Ber.: &, 
B VU ng 
bez0¢ if das Ausgangsmatectial) 
| 


Totalsynthetische U ntersuchungen an Steroiden—VII 


eingedampft. Das erhaltene Rohprodukt (215-8 mg) wurde an 8 g Al,O, chromatographiert. Die 
mit Bzl—Chf (8:2) eluierten Fraktionen (Nr. 25-29) ergaben aus Ae und Pn 16-1 mg Tosylat VII vom 
Schmp. 178-184" und die mit Bzl—Chf (1 :1—1:2) eluierten raktionen aus An—Ae 17-4 mg Ausgangs- 
material (Mischprobe) 

dl-p-Homo- 18-nor-33-acetoxy-178-methoxy-1 13 17)- 
a-laktam VII Schmp. 178-184", I.R. 1729 (AcO, —CO—N ), 1600, 1492 (phenyl), 1364, 
1177 (SO,—N—), 1249, 1026 (AcO), (Gef.: C. 66-12: H, 7-64; N, 2-69. C,,H,,O,NS (M.G. 543 64) 
Ber.: C, 66:28; H, 7°60; N, 2-58°%) 


A (2) N-Mesylierung von 1V 


275 mg IV wurden in 55 cc abs. Xylol gelést und das anwesende Wasser als azeotropes Destillat 
I 


(Scc) entfernt. 40 mg NaH wurden zugegeben und dann unter einem N,-Strom und Riihren 1 Std 
zum Sieden erhitzt, worauf eine Lésung von 190 mg Mesylchlorid in 10 cc wasserfreiem Xylol 
zugetropft und 3 Std. weiter unter Riickfluss gekocht wurde 

Unter Abkiihlung wurde die Reaktionslésung vors chtig mit Wasser verserzt und dann mit Chf 


extrahiert. Die Extrakte wurden nach Waschen mit Wasser tiber Na,SO, i 


etrocknet und dann im 


Vakuum eingedampft Der erhaltene Riickstand (329 mg) wurde mit $cc Ac,O und Scc Py bei 
Raumtemperatur Uber Nacht acetyliert. Das rohe Acetat (31 /mg) wurde an 9 g AI.O, chromato- 
graphiert. Die mit Pe—Bzl (6:4)-Bzl—Chf (7:3) eluierten Fraktionen (Nr, 5-22) ergaben aus An-Ae 
insgesamt 159 mg (48-1 oder 56°4 bezogen auf das gebrauchte IV) rohes VI in Wiirfeln vom 
Schmp. 206-212° bzw. Schn p. 202-212 die mit Bzl—Chf (4:6)-Chf eluierten Fraktionen (Nr 
24-29) ergaben aus An-Ae insgesamt 40-2 mg Ausgangsmaterial IV 


Die unter verschiedenen Reaktionsbedingunge gewonnenen Resultate wurden in Tabelle 1 
zusammengestellt 
TABELLE 1. MESYLIFRUNG \ 


NaH Ms¢ 


r | EV | Mol) (Aq. Mol) Tol* Xyl’ Tol-Xylr Sauer 


dl-p- Homo-18-nor-3 -acetoxy-175-methoxy- 
x-laktam V1. Wiirfel aus An und Ae, Schmp. 206-212”. LR 1730 (—CO—N—, AcO), 


1360, 1173 (SO,—N—), 1261, 1028 (AcO), (Gef.: C. 61-82: H. 8-13 N, 3:20; S, 6°61. C.,H,-O,NS 
(M.G. 467°54) Ber.: C, 61-65; H, 7-98; N, 3-00: 685°) 


32-carbonsdure-(|3 17)- 


B (1) Degradation von \V mit Natronlaues 


120 mg IV wurden in 10 cc Dioxan gelést, mit einer Lés ing von 400 mg NaOH in 2-5 cc Wasser 
versetzt und dann unter einem N,-Strom eine Std. bis im Sieden erhitzt Nach der Abkiihlung 
wurde mit 0-6 cc Eisessig neutralisiert und im Vakuu ngeengt. In der KAlte irde der Riickstand 
mit konz. HCI bis auf Kongograu angesduert und dann dreimal mit Chi xtrahiert. Die Chf-Ausziige 
ergaben nach Waschen mit Wasser, Trocknen iiber Na,SO, und nach Eindampfe Vakuum einen 
kristallinischen Riickstand, der aus Chf-An—Ae 76-7 me ire Sdaure (XIX) in Sdéulen von Schmp 
250-254", (ca. 90°.) ergab. Weiteres Umkristallisieres erhdhte ihren Schmp. bis auf 251—255°. (Sie 
zersetzte sich bei 300 inter Gas-Entwick! D weitere rung (Umldsen 2N NaOH, 
mehriaches Waschen mit Chf, Ansiiuren mit konz. HCl. dann Extrahieren mit Chf) ergab keine 


Schmp. Erhéhung 

jure Sadulen aus Chf-An-Ae. Schmp 
251-255°/300° (Zers.), ILR. 1 cm~' 3525 (OH), 2500-2700 (breite Bande COOH). 1711 (C O), 
1691 (COOH), (Gef C, 71-46; H, 9:07. C. oH 390, (M.G. 334-44) Ber C, 71-82; H, 9-04°%%),. 
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Reaktions Ausbeut Ausgangs 
+i Gauer von VI materia : 
Riickfluss) ) IV 
275 9-3 
? 60 3 48-1 (56-4 14 
600 2-00 2-00 60 2-5 33-9 (44-6 75.5 
oe 4 390 2-00 2.00 60 2-5 24-8 (58-5) $7.7 
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B (2) Methylierung von X1UX mit Diazomethan 
43-7 mg Carbonsiure XIX wurden wie iiblich mit Diazomethan methyliert und aufgearbeitet 


Das Rohprodukt (44:1 mg) ergab aus An—Ae 36°7 mg (81-5°,) in dicken Prismen vom Schmp 
154-158 die nach weiterer Umkristallisation be: 164 167 schmoizen 

dl-p-Homo-18-nor-a yiestet XXI. Prismen aus An-Ae, 

nm. 164-167 , LR . cn 3629 (OH), 1728 (Ester), 1710 (C—O), 1142 (Ester), (Gel ial 


348 47) Ber 


+ 


t. mut r Lésunge von NaOH im Wasser 
Abkuhlung 
val mit Chi 

nut- 
eutraler Riick- 
HC! bis aul 


Die Chf-Auszuge raben nach Waschen mit 


Wa r. 1 Arh iD Na SO dt damp Vaku 163 Krist Rickstand, det 
CH.N ct ert wurde. D ibliche Aufarbeitung ergab 480 mg 
der j Ac 314-4 rein in Pr wm Schmp. 158-161, aus der 


aus ergab 


Bi4) Ox 


100 me X XI wurde cine Suspe on CrO,-Py-Ko ex in Py. hergestellt aus 200 mg CrO 
ind 2 P ler K d be: R eratur 5 Std. stehen gelassen Dic 
ibliche Aularbde i ches Produkt, i An-Ae 69-2 mg Diketon (XXVI) 

Platt ind aus der Mutterlauge weitere mg vou Schmp 175-178 
tal ib. Weitere Umkristalisat der ersten Kristalle erhéhte den Schmp 


17 13 j methylester XXV1. Platten aus An-Ae, 
1460 (5 Oberto CO”). 1730 (Ester), 1710 


73.405: H. & ( H...O, (M.G. 346 45) Ber 


thyl)-dther und XXIV) 


328-5 me XXII wurden mit 07 cc Athylenglyko! i 120 cc abs. Bzl in Gegenwart von 40 mg 
sullo drat ublicherweise unter Verwendung des Wasset A bscheiders ketalisiert 
(Reakt sdauer ca. 16 Std Die Ubliche Autarbdeitung cr rab 428-3 meg rohes Produkt, das an l2¢ 
Florisil chromatographiert wurde Die mit Chf und Chi Me (99:1) eluierten Fraktionen (Nt 24-31) 
ergaben aus An-Ae 170 mg XXI\ diinnen Platten vom Schmp. 183-187 , nach weiterem Um- é 
kristallisieren Schmp. 191-193 Die mit Chf—Me (98:2)-(90:10) cluierter Fraktionen ergaben aus 
An- Ae 82-8 »rohes XXIII n Prismen vom Scnn 240 24 nach weiterem | mkristallisieren, vom 
Schmp 250-257 
» 17)x-laktam XXIV Diinne Platten aus An-Ac, Schmp 191-193, cm 3856 (OH), 


3320. 3236 (NH), 1727 (AcO), 1688 (CO-NH), 1267 (AcO), (Get C. 65-95: H, 892; N, 329 


C,,H,,0,N°H,O (M.G., 43756) Ber.: 65-87; H, 8-98; N, 320°.) 

1734 b-hydrox yathox y -androsta 17)- 
»-laktam Prismen aus An-Ac, schmp 250-257", I.R. ' breite Banden gegen 3500 
3100 (OH. NH), 1703 (CO—NH), 1690 (CO NH verbunden), (Gef.: C, 69°30; H, 9-21; N, 3-48 


C..H,,.O,N (M.G. 377-51) Ber.: C, 69°99 H, 9-35; N, 3-71") 


C (2) Degradation von XXIV mit NaOH 
Eine Mischung von 123 mg XXIV. 350 mg NaOH und 3:5 cc Athvlenglykol wurde unter einem 
ungsam erhitzt, wobe be: 120 eine Ammoniak-Entwick- 


N,-Strom und gclegentlicher Schwenkung k 
lung begann. Die innere Reaktionstemperatur wurde 2 Std. bei 120-160 gehalten und dann langsam 


a 
72-06; H, 929. yO, (M.G 
B (3) Deevra tion von XIX anscnit¢ ssende Meth mn 
ma IV warden in Dicnan gol q 
verse Ve . 
wurde dic Reakt bis auf pH & 
ttelt, Die Chf-Ausziige wurden c1 
iiber Na,SO, getrocknet. Abdamp 
stand (verworten) Dic wassrigc Schic 
Mutterlauge weitere 93°6 mg vom senmp. an 
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bis auf 200° erh&ht (1-5 Std.), anschliessend eine halbe Stunde lang auf 200° erhitzt, wobei die NH,- 
Entwicklung nur noch sehr schwach war (geprift mit pH-Indikatorpapier) Nach dem Erkalten 
wurde mit dem dreifachen Volumen von Wasser versetzt. Nach | ntfernung des neutralen Produktes 
durch Schiitteln mit Chf wurde die alkalische Lésung unter Eiskihlung mit konz. HCI bis auf 
Kongograu angesiuert und dann mit einem Mischlésungsmittel von Chf (3 Vol) und Me (1 Vol) 
erschopfend ausgeschiittelt. Die Ausziige ergaben nach Waschen mit der halb gesattigten Na,SO,- 
Lésung, Trocknen iiber Na,SO, und | indampfen im Vakuum 115 4 mg saures Produkt, das ohne 
weiteres mit einer atherischen Diazomethan-Lésung in Dioxan methyliert wurde. Die iibliche 
Aufarbeitung ergab 107-1 mg Rohprodukt, das an 4¢ AIO, (Woelm Akt. II) chromatographiert 
wurde. Die mit Bzl-Chf (9:1) eluierten Fraktionen (Nr. 2-4) ergaben aus An und Ae 7-4 mg un- 
bekanntes Produkt (WN 251) vom Schmp. 198-202’. aus der Mutterla ige weitere 9 mg vom Schmp 
165-182 , dessen 1.R.-Spektrum (CHCI.) Banden 3638, und 3520 und fiir 
Ester bei 1725 und 1155 cm Zeigte Die mit B: hi ) luierten Fraktio 
ergaben aus An und Ae 16°8 mg XXV vom Schn , aus der Mutterlauge 
von XXV vom Schmp. 211-218 , dessen I.R.-Spektrum |,) Banden fiir OH bei 3700, 3625 und 
be: 3500 cm -' und fiir Ester bei 1723 und bei 1142 zeig Die be Prod (WN 251 und 
XXV) zeigten bei einer Mischpro! toest ne deutliche Depression und wurden 

dl-p-Homo-18-nor- wl aus thylester XX1. Sc 
(CHCI,), siehe oben, (Get 350-48) Be ( 

WN 251. Schmp. | 202, LR. (CHC 
(M. G. 366-48) Ber.: C, 68-82: H. 9-35°) 

Diese Werte deuten darauf hin, dass dieses Produkt (WN 251) ein Sauerstoff mehr als VI enthalt 


C (3) Oxydation von XX1 und WN ? 

(1) 13 mg XXI wurden m \ omple ers | ind 0-2 cc Py, in 0-4 cc 
Py bei Rau nt 

Das Reakt ut wurde danr i r gegossen und d ni nit Chf extra rt. Die Chf- 


Ausziive ergaben nac is nit Wasser. 


Trocknen iiber Na 1 Eindar rista rodukt, das durch Filtratioz 
rch eine S 
2mg XXV in Platter 

Mischprobe ind nach dem Vergleich der I.R -Spektren (in Ay identisch mit dem Praparat 
aus B (4) erwies 

(i) 12me WN 2 wurden wie | [ Py Komplex oxydiert. Die analoge 
Aufarbeitung ergal 3 me rod d h der nigung mit A aus An und Ae 
umkristallisiert wurd bei 2 ; ristall 253) von chmy 173 erhalten wurden 
Dieses Produkt zeivte id hprobe ne deutlich epression und im I.R.-Spektrum 
(in CH.CI,) Absorptionen i 1724 cn ter), m rbonyl) d be: 1154 cm! (Ester) 
Seine Struktur blieb vorldufig unklar und die weit iterst ung V d n Mater almangels 
nicht weiter 

Fir die tut ng Oe tundd wel Olle Diskussio dat mh te ich Herrn 
Doktor K. Takeda, dem Direktor dieses schung ratoriums Wik rr rof. E. Ochiai 
herzlichst danken lanke auch Herrt erasawa u i ) ir ihre freundliche Hilfe, 
Herrn Dr. T. Kubota und Herrn Y. Matsui fiir di pt n und det vom Mikro- 


laboratorium fiir die Analysendaten beste 
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TOTALSY NTHETISCHE UNTERSUCHUNGEN AN 
STEROIDEN— VIII" 


FINFUHRUNG DER C-SUBSTITUENTEN IN DIE ANGULARE STELLUNG 
DER KONDENSIERTEN RINGSYSTEME (TEI 3). EINWIRKUNG 
YON KALIUMCYANID UNTER ZUSATZ VON \MMONIUMCHLORID 
RAC. D-HOMO-I8-NOR-ANDROSTANDERIY ATI 


NAGATA 


Zusammenfassung Dur 
Ket 


Steroide 


IN der vorhergehenden Mitteilung’ ist eine Methode fiir die glatte 
Finfihrung der Siureamid-Gruppe tn Gie ¢ iwulare -Stellung von rac. D-Homo-!I5- 
nor-androst-1 (1 7a)-en-3/-0 liumevanid be- 


le di yachtet, da le nwirkung 


ura 


schrieben worden Fs wi 

begrenzten Menge von KCN al l tal an Stelle von und at schliessender 

Acetvlicrung, ausser den entspreche mol gen (VILL. X und XI) 


noch die epimeren 15 
verschic 


der Notwendigkeit det ™ 
dene Methoden versuc! fiihrten Cyangruppe 
vermeiden. Die Ergebnisse wurden In Tabelle | zusan 

Bekanntlich ist die Addit yn der freien Blausaure sc tan die 
, Dissoziationsvermégens nicht genu; i Daher wurde sie 


tische! Menge durchgetuhrt 


Carbonvlverbindung 


wegen ihres gerimge! 
meistens unter Zusatz von versc! iedenen Basen in 
CT Methode b erwies sic! 1). wobe! 


Die Anwendung dies 


Triithviamin als Base gebraucht wurde. S 


Menge von Base und unter forcierten Bedingu 
Dabei wurde ausser den erwunschitet ind 132 anverl jungen (16°6°.) 


bzw. VI (1-4°.), noch das Acetat des Ausgangsmateria 


nnen (Versuch 2). Zweitens wul 


nden 


ite von 


1?-7°. zuriickgewo ung von 
KCN in der iiquivalenten Menge verwendet, wobei abet die Cvanierung e 
in schlechter Ausbeute stattland (Versuch 3). Aus diesen Tatsachen geht hervor, dass 


* Vil Mi 13, 268 (1 


1W. Nagata, | 
Japan im Druck 


“Ag 
4a Forschungslaboratoriu der Shionogi Pharmazeutischer AG 
4 Amagasaki-shi, Hyohgo-ken, Japan 
‘ 
Receive ae 
h Einwirk 2 Mol Kaliumcyanid und 1-75 Mol A 
18 r-1 (17 irostar 
lie vers ( rten Verbdindunge erwa Bild 
1 » bei 5:3. Diet chen Strukturen alice 
sowie det 8-Stellung n einer funktionelien Gruppe versenenen 
; 
4 
ssawa. T. Aoki und K. Takeda, VI. M dieser Rethe, Beitrag zu ¢ B 
97 
ae 
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fiir die 1,4-Additionsreaktion des Cyanidions an z, )-ungesattigtes Keton, besonders 
fiir die Einfiihrung in die angulare Stellung, wegen der kleinen Polarisierbarkeit des 
letzteren eine hohe Konzentration an Cyanidionen notwendig ist 

Ein Modellversuch,*? der zu diesem Zweck bei der ( vanierung des Cholestenons 
durchgefiihrt worden war, zeigte, dass die Verwendung von 0-75—0-87 Mol. Aquiv 
Ammoniumchlorid bezogen auf ‘'N als Neutralisierungsmittel am besten geeignet 
ist. Es wurde dabei th darauf hingewiesen. da ler rteil die usatzes auf 
folgender Tatsache beruht. Das mit dem Fortgang der ~aktion gebildete Ammo- 


nsiosung 


Nacl 
rapi 


W in el 
r} 


b 
\ “ 
truppe bei XIV und XVI 


‘ 


erbindung I\ 


wurde durch deren glatte 


unter Ketalabspaltung 

Konfiguration der let 

analoger Versuch, wob wurde, 
zeigte, dass hierbei mwel weiter 
verseifte, epimere | wenn auch in 


a 
— hiumion wird duren Erhitzen sotort als Ammoniak-Gas aus det! Reaktiio 
vertrieben und ihr Basizitit wird damit klein cehalten rT) Mer} 
: eben und ihre Ba it wird da ein gehalte Wiese Methode wurde nun ‘ 
auf rac. D-Homo-!8-nor-13(17a)-androsten-3,3-ol (1) angew 
a, 
RC RO RC 
AcO AcO R 
* R = C.H 
XV R =H AN 
XVI R=A 
Einwirkung von 1-5 Mol Ammoniumchlorid und zwei Mol Kaliumcyanid auf | | 
ergab ein Gemisc ) vel epimeren 1 13x-Cvya rbin< ven Ill und V, das, 
ohne Trennung der Komponenten, sofort durch Dest mn mit abs. Alkohol und . 
Benzol in Gegenwart einer katalytischen M e p- Toluolsulfonsdure ketalisiert wurde 
der anschliessenden Acetylic 1g des Rohproduktes un Al,O.-chromato- 
vurden sowie 13x-( viketal-3-acetat 
ute von 28:7 w. 11-2 eben der nicht ketalisierten 
alten (Versuch 4). Die raum eZ dnung der Cvyan- 
nan C -() tierung Deim ersteren und Deim letzteren 
ae fiber fiihrung in die entsprechenden Cyanketone IV bzw. VI 
| 
‘ 
ae seems * W. Nagata, S. Hirai, H. Itazaki und K. Takeda, 1. Mitt. unter dem Titel Uber angular substituierte ae 
: 
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kleiner Menge (Versuch 5). Dies deutet darauf hin, dass DMF zur Hemmung der 
weiteren Verseifung der Cyangruppe ein wenig vorteilhafter ist als Methanol. Der 
Grund dafiir diirfte darin zu suchen sein, dass das erstere selbst auch eine Verseifung 
durch iiberschiissiges KCN erleiden und somit die Basizitat der Lisung vermindern 
kann. 

Noch bessere Ergebnisse konnten durch Verwendung von 0-87 Mol. Aquiv. 
NH,CI bezogen auf KCN verwirklicht werden. Ketol | wurde mit 
2M KCN und 1-75M NH,CI in siedendem Methanol umgesetzt, wobei eine heftige 
Ammoniak-Entwicklung beobachtet wurde. Nach der anschliessenden Ketalisierung 
wie oben konnte man das erhaltene Gemisch von verschiedenen Produkten durch 
A|,O,-Chromatographie leicht trennen. Somit wurden 13/- sowie 13x-Cyandiathyl- 
ketal. XIII und XV, und nicht ketalisierte Ketole II] und V in einer Gesamtausbeute 
von 49-6°.3 erhalten (Versuch 6) 13 }-Cyandiathylketal XIII konnte durch Acetylie- 
rung leicht mit dessen Acetat XIV verkniipft werden und das Olige epimere Produkt 
XV wurde durch Ketalabspaltung mit wassriger Essigsiiure in V tiberfiihrt Schliess- 
lich wurden die zwei epimeren Ketole III und \ acetyliert, deren Acetate sich mit den 
bekannten Substanzen IV und VI als identisch erwiesen. Auf diese Weise konnten die 
riumlichen Konfiguration der viet Produkte festgestellt werden. Setzt man nun I 
ebenfalls mit 2M KCN und 1-75M NH,C1I in kochendem Methanol um, behandelt 
das gebildete Produkt iiblicherweise mit Athylenglykol und Benzol in Gegenwart 
einer katalytischen Menge von p-Toluolsulfonsaure und acetyliert das rohe Produkt 
mit Acetanhydrid und Pyridin, dann kann man nach wiederholtem Chromatogra- 
phieren zwei epimere 138- und 13a-¢ yaniithylenketalacetate XVII und XVIII neben 
dem nicht ketalisierten Produkt IV in einer Gesamtausbeute von 65-6 erhalten (Ver- 
such 7). Da XVII aus IV durch Athvienketalisierung erhalten w urde, orientiert sich 
die 13-Cyangruppe des ersteren ebenfalls nach 8. Ferner verwandelte sich ein anderes 
epimeres Produkt XVIII durch Erwarmen mit wassriget Essigsaure leicht in 13a- 
( yanketolacetat VI. Wie aus der Tabelle | zu ersehen ist, ergab dieser Versuch die 
beste Ausbeute. Es war hierbet bemerkenswert, dass mehrmaliges ¢ hromatographie- 
ren zur Trennung beider epimeret Produkte die gesamte Ausbeute sicher verringerte. 
13p-€ yanithylenketalacetat XVII stellte ein wichtiges Zwischenprodukt zur weiteren 
Synthese det Steroide dar.* 

Zum Schluss ergab die Verwendung einer fiquimolekularen Menge von NH,Cl 
oder NH,OAc bezogen auf KC N wie aus der Tabelle | ersichtlich ist, keine guten 
Resultate (Versuch 8 und 9) 

Fiir die Orientierung der Richtung bei der Finfiihrung des ¢ yanidions sollte das 
Bildungsverhaltnis von den zu den 13a-substituierten Produkten einen Anhalt- 
spunkt geben Wie aus der Tabelle | zu ersehen ist, 0 ich das Verhiltnis beim Versuch 
7 zwar von demjenigen det anderen drei Versuche (Nr. 4-6) ab. aber das erstere war 
viel zuverlissiger als das letztere. weil die Reaktion beim Versuch 7 sehr glatt verlief 
héchste Gesamtausbeute ergab Daraus ist zu schliessen, dass die 
von der §-Seite des Molekiils im Verhaltnis 


und damit dic 
Addition des Cyanidions in diesem Fall* 


von ca. 5 zu 3 giinstiger Ist 


! Wegen der schwicrigen Krista erbarkeit wurde das ge Produkt XV ohne weiteres entketalisiert und 


dessen Ausbeute wurd hezogen auf das somit erhaitene 13%-Cvanketol V, ber chnet 


unsere weiteren Mitteiluneer 
Das Bildungsverhdltnis der an cer angularen Stellung epimeren ¢ vanverbindungen ist von der Konforma- 


tion des Ringes oder von der Ringgrosse sehr abhangig 
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BESCHREIBUNG DER VERSUCHI 

Alle Schmp sind auf dem Koflet ck ““Monoskop” (Fa, Hans Bock, Frankfurt/Main, Deutsch- 

nt und korrigiert word Alle Sdp. sind unkorrigiert Wenn nicht anders angegeben, 

| ! sivee 3 Std. bei 1 Torr liber P,O, bei Zimmertemperatur bis 
180 180° getrocknet. Die 


120 ind uber 


land) bestim 
mprobe 
| ethode durchgefiuhrt Es werden 


nd 100-120 
ther, Alk Alk 
Pyridin, Akt 


An Aceton, 
Aktivitat 


Osta 
hol 


wurden Su 
zu 60 . 70-90 
tar Py 


Adsorpt 


Abkuhlung mit 
c r 5 Std 
extra- 


ind 


und 


bet 


Woelm 
Die 


cm 
( Me 


rock net 


ibs. Bz 


rssiule 


SO cc 


pien 


rweimal mit 


ertemperatur 


weicnes 


di-p-Homo- 


190 . 180-186 


222 
Bi 
‘ 
(A) Mi eier Blausdure u ] 
> (Tab | ce toc Dimethy amid gck unter 
0-1 cc (Et),N O3cc f er B 
ry R Vi pi ireimal 
Na CO, t W er gewascnecl |__| ? 
Riickst mit 2cc Py 
WN iblicher Aufarbeitung wurden 423 mg 
| 
a ergabe j K 
673 | Lal vurden jedoch nichtn ah 4 
Bel-Chf (7:3 und 5:5) eluierten Frak- 
I.R.-Speh 
wurdc 
(B) Mir Aa é 
wy? nd 83 mg 
Eine M 300 mg | KCN (2 Mol Aquiv.) u 
\ te Kung a if dem 
Mie A W rewasc ber 
: | ler R ch stiindiges 
f | (2-1/3 des anfanglichen 
fg Die Chf-A wurden 
scr Na.SO kine dd Vah 
, Py cc Ac,O bet Zinn 
‘ 144 ut erhalten, =z 
Se ALO, (W Aku ul : rus 
. Die Frakt Nr. 2-13 ert mit Pe-Bzl 2:1-1:1) ergaben aus A ee 
(XTV) als Prismen vom Schmp. 15 
*T. Reichstein und C. W. Shoppee, 
“epee 
i 
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je nach der Qualitét. Dann folgte aus den Fraktionen Nr. 14—23 (eluiert mit Pe—Bzl 1:1—Bzl) 50-8 mg 
dl-p-Homo-18-nor-3 -acetoxy-|3x-cyan-androstan-!7-on-diathylketal (XVI) als Nadeln (Ae-Pn) vom 
Schmp. 148-150°. Die mit Bzl—Chf (9:1-8:2) eluierten Anteile (die Fraktionen Nr. 24—27) ergaben 
24:8 mg rohes IV vom Schmp. 195-208 (Mischprobe) und zuletzt wurde aus den Fraktionen Nr. 
35-38 (Chf) ein wenig Dimeres (Schmp. tiber 300°) erhalten. Die Hauptprodukte XIV und XVI 
wurden zur Analyse weiter gereinigt und haben folgende Analysen- sowie physikalischen 
Werte 

yan-androstan-\7-on-didthylketal Prismen vom Schmp. 
OEt 
OEt’’ 
1028 (AcO—). (Gef.: C, 72-39: H, 9-59: N. 3-20 C.gHy,O,N (M.G. 431-60) Ber.: C. 72 ao: 
9-58: N, 3-25°%) 


186-190° aus Ae—Pn, I.R. 2215 (CN), 1741 AcO—), 1241 (AcO—), 1126, 1057 | 


Nadeln vom Schmp 
OF t) 
OEt 
1027 (AcO—). (Gef.: C, 72-21; H, 952: N. 3-26. ¢ H,,O,N (M.G. 431-60) Ber.: C, 72-35: H, 
9-58: N, 3-25°) 


148-150" aus Ae-Pn, I.R. 2223 (CN), 1740 (AcCO—), 1239 (AcO—), 1135, 1060 ( 


ax 


Versuch 5 (Tabelle 1). 300 mg I wurden in 5 cc Me gelést, mit 135 mg (2-0 Mol Aquiv ) KCN, 
83 mg (1-5 Mol Aquiv.) NH,Cl in sser ver zt und dann 8 Std. zum Sieden erhitzt. wobei 
gleichfalls eine heftige NH,-Entwicklung tattfar ich analoger Aufarbeitung wie bei Versuch 4 
wurden 371-6 mg 


hes Produkt erhalten, welches mit Bzl und Alk in Gegenwart von TsOH in 
gleicher Weise ketalisiert wurde. Das rohe D athylketal (392 mg) wurde sofort mit 2 cc Pv und 1-2cc 
Acetanhydrid bei Raumtemperatur iiber Nacht acetyliert. Nach iiblicher Aufarbeitune wurden 
438 mg rohes Acetat erhalten. hes a 5g Al,O, (Woelm Akt. II, neutral) chromatographiert 
wurde. Daraus wurden ¢ he “ise Wie bei rsuch 4, mg rohes XIV (aus den mit Pe—Bz] 
8:2—1:2 eluierten Fraktion 21-5 me (aus d nit Pe—Bzl 1:2-Bzl eluierten Fraktionen) | mg 
}-Laktam-Verbindung yom 262 (Mischprobe) (aus den mit Bzl—Chf & 2 eluierten 
Frakti men) und 27 


Bzl-Chf 1:1 eluiert 


Versuch 6 ( Tabelle 


vom Schmp. 206-207° (Mischprobe) (aus den mit 
| 


auf dem 

ne rohe Produkt 

m Versuch 

g Al,O, 

Il) chromatograph t Bz / ) und (90:10) eluierten 
Fraktionet ) aben insgesamt 7 ng ro omo-18-nor-13-cyan- 
174 

1 erneut chromato- 

Nr. 18-24) 

17-on III aus 

ius Mutterlaugen 
inandrostan- 
itionen 

uiert mit 

wurde 

an 1S¢ 

Nr. 6-13) ergaben 
XV. das durch 


verdiinnt ssigsdure ar Val rbind Ubergeflihrt wurde 


Die mit Pe—Bzl (3:7), Bzl und 5 und 70:30) eluierten Anteile ergaben 
weite meg von XIII 1s ler itovraphier end n g Sliges X 
132.3 mg und 62-7 n acl nach d rk 
Die Produkte XII, HI u urden zur Analyse ter g Lig haben folgende physik- 
alische sowie Analysen-Werte 


345-8 mg 


; 
laitel 


Im Versuch 9 wurde ein Tei! dieses Produktes is allinischer Form erhalten. s. unten 


wad 
3 
oe 1). 1 g | wurde in 16 cc Me gelést Dazu wurde eine Lésung von 450 me KCN ; 
Wasserbad ¢ 
4 ketalisiert 
a (Merck. Ak 
androstan-3 
177° und 17 
grapniert (s Be 
An-Ae oder 
durc Wied 
aus An oder 
Chf) « we 
MF Die Mut 
194-8 me 6 
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Schmp 177-179" aus An-Ae, I.R yu" om” * 3549, 3285 (OH), 2229 (CN), 1130, 1058, 974 | 


(Gef.: C, 72-95; H, 10-22 


An-Aec, LR 
C..H,,O,N (M.G 

di-p-Homo-18 


ert 
trakt 
nor-3 
240 
(Mischprotde 

Die Mutteriauge 
die Fraktionen Nr. 19-3 
A1.O.) unterworten, worau 
Fraktioner Nr 
nor-3 
220-226" und Schmp. 215 
wurden. Die Ubrige Ant 
ALO.) unterworten, worau 
vierten Chromatographic (5 


Aus den vier Chromatographien wurden dann 


7.on-didthylketal X11 


NAGATA 


Feine diinne Platten vom 
OEt 


3H.O (M.G. 395-56) Ber.: C, 72°87; H, 10°10; 


111. Diinne Platten vom Schmp. 239-242° aus 


1703 O). (Gef.: ¢ 76:18: H, 942; N, 4°51 


An-Ac, 


7:3-Pe-Bzl 


220-225 


und 
2%6-238 und 233 240 aus den 


nt meg dl-p-Homo-18- 


We ft 


oder Prismen vom Schmp 

Pe—Bzl 6:4-5:5) erhalten 

er dritten Chromatographie 

me XVIII erhalten wurden. Aus der 

XVII und 35-2 mg XVIII erhalten 

mg XVII, mg XV und mg 


35 * 
cm 3505 (OH), 2232 (CN), 
315-44) Ber ( 14 H 9-27 444 
6 (OH), 2228 (CN). 1704 (CO). (Gef.: C, 75-97; H, 951; N, 4°64. 
Wirme mit dann 20 Min. auf 80 erhitzt. Die Essigsdure 
vurd Vaku t 
dd ver Na,SO, getrocknet. Das Ein- 
wurde Na,CO 
rist ine cher a \ \e 
nox Umb 
722.94 1 R -Spel \ itl c 
0-9 ce Ac,O Py bei Z 
B Ryi-Chi | brah 6 mg m schmp 
sulf re le dar 
volistindigen Ver len der aks 
P NaC QO nd mit W cr ge- 
dre t Chf extr 
Na.SO, Vah dampft. Der Eindampfriickstand 
22 hry teres \ {) 110 Py t Z per Das 
‘ 
Haupthbest roll \ ler ersten Chromato- 
lauptbde ‘ 
rden vet (870 *) gd cmer 
tere 145-4 me XVII vom Schmp 
Pe-Bz! 8:2) und dant An-A 
nfalls 69-2 me XVU 
ALO wurden weite 
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IV herausgezogen und die zwei isomeren Hauptprodukte (XVII und XVIII) wurden weiter gereinigt 
und wie folgt identifiziert 

yan-androstan-17-on-dthylenketal XVII. Saulen aus An-—Ae, 
Schmp. 233-235° oder dicke Prismen aus Chf-—Ae Schmp. 235-238", I.R. 2233 (CN), 


1730 (AcO—), 1242, 1025 (AcO—), 1103, 953 (Gef.: C, 71-88; H, 8-73; N, 3°51. 


(M.G. 401-53) Ber.: C, 71-79: H, 8-79: N. 3-49°%) 
yan-androstan-|7-on-dthylenketal XVIII. Platten aus An- Ae, 


. O 
Schmp. 224-226, I.R. 2246 (CN), 1725 (AcO—), 1239, 1030 (AcO—). 1103 { }) 
O 


(Get C, 71°46: H, 8-80: N. 3-32. ¢ #H,,0,N (M.G. 401-53) Ber.: C. 7] 79; H, 8-79: N,3-49%) 


{thylenketalisieru m -acetoxy-androstan-\|7-on (AN 660 me LV 
wurder 100 cc abs. B Gegenwart von 50 me loluolsulfonsduremonot ydrat mit I cc Athylen- 
giykol wie Ublich keta ert Die ubliche Aufarbeit ing ergabd S61 mg krista ches rohes Produkt, 


An um- 


krista ert d erga +7 dicke P en vé Schmp. 235-238 veitere 94 mg vom Schmp 
223-229" aus der Mutt ¢), die sich nach einer Mischprobe sowie dem Vergleich der IR -Spek- 
tren mit XVil a 


Entketalisierus dil-p-H 18 yan-3/)-acetox y-androstan-\7-on-dthylenketal (XVI) 
130 me XVIII de 28cc Eis ler Warme mit 1-2 cc Wa r verset ind dann 


20 M if 80 erl t. Im Vakuu irde dic LOsung eingedampft, dreima t Chi extrahiert und 
die Chf-A 7 mit 2N Na.CO.,. dan Wasser gewasche iber Na,SO, getrocknet und im 
Vakuum ¢ Der kristal sche Ruickstand (116 n ergabd bei der al aus 


An 


\c 


XV, wel mut rer von champ. 
ergab. Die Identitat d den mit dem the Praparat wurde durch eine Mischprobe und 
den Vergleich der 1.R.-Spektren erzic Danac t dem gleichen LG gsmittel 15-7 mg 
vom Schmp. 173-175 M prove ius rrakt wen Nr. 14-23) und dann I¢ 


mater 


ertes vom Schmp. 238-245 


Versuch 9 (Tabelle 1). Eine Lés ing Vo 300 mg I, 135 mg (2 Mol Aguiv.) KCN und 160-2 mg 
(2 Mol Aquiv.) NH,OAc Scc Me d | cc Wasser wurde 6 Std. unter Riickfluss gekocht. Die 


gleiche Aufarbeitu g ergab 352:1 me roh«e Produk weicnes sofort analog wie bei Versuch 8 di- 
athylketalisiert wurde. Nach analoger Aufarbeit wurden 378 mg rohes Produkt erhalten. das an 
1S g Al,O, chromatographiert wurde. Dic KB nerten Anteile (die Frakt ven Nr. 3—5) ergaben 
ebenfalls 44-8 mg Sliges XV, welches b Ansetz¢ it Ae und Pn 2-5 mg Nadeln vom Schmp 
110-112° ergab. Diese Kristalle waren offenbar dl-p-Homo-18-nor-13x-cvanandrostan-34-ol-17-on- 
diithylketal XV, welches aber wege Mate imangetis nicht weiter untersucht wurde Det blige 


Anteil (40 mg) ergab beim kurzen Erhitzen mit 70°. Essigsdure auf dem Wasserbad ebenfalls 4.0 mg 
V aus An-Ac (Mischprobe). Dann wurde aus den Fraktionen Nr. 6-10 (eluiert mit Bz!) 19-6 mg 
XIII (Mischprobe ) aus den Fraktionen Nr. (eluiert mit Bzl—Chf 9 1) mg Ausgangsmaterial 


(Mischprobe) und etwas Kristallgemisch von III und \ (gemass dem LR Spektrum) erhalten 


icetylierung von (XM). 35-7 mg 
XIII wurden wie iiblich mit 0-3 cc Ac,O und 0-5 cc Py bei Zimmertemperatur iiber Nacht acetyliert 


Die ibliche Aufarbeitung ergab 43-9 mg rohes Acetat, welches aus An—Ae 29 mg Platten vom Schmp 
183-185" ergab. Mischprobe mit dem authentischen Praparat von XIV zeigte keine Depression 


a 
a | 
2 
Da r il 
* 
‘ | UNG aus Ger Mutte weitere 25 mg vom 
Schmp 234-239 Die Mischprob« t authentischem VI (S p. 239-24] rt Dep 
em p. 241°); Keine Depression 
h 8 (Tabelle 1). 300 me I wur 35 
ibell 00 wurden i cc Me gelést, wozu eine L& ‘von 135 mg (2 Mol 
AS \g ) KCN und I! Mol Aquiv.) NH, l cc Wasser zugegeb nd dann 6 Std. zum é 
Siece cr i7t W rt 377 
I \ ird< e be: Ve ich 6 erga Produh veiches 
carbeit« k 403-2 me inde an g (Merck. 
. aus den Fraktionen Nr. 37-44 (Bzl-Chf 8:2-1:1) 21-7 mg nicht ketalisi 
: (M rob rl It 
é 
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Entketalisierung von dl-p-Homo-18-nor-3 (XIV) 
und seinem 13«-Isomer (XV1). 100 mg XIV wurden in 2 cc I 
Wasser versetzt und dann | Std. auf 80° erhitzt Die Essigsaure wurde im Vakuum eingedampft, der 


Riickstand dreimal mit Chi extri t und die Chf-Ausziige mit 2N Na,CO und Wasser gewaschen, 


liber Na.SO, getrocknet ur 


isessig gelést, in der Wirme mit 1-5 cc 


jampft. Der kristallinische Riickstand (85:7 mg) 


219-221° und aus der Mutterlauge weitere 9-1 mg 


ergab aus A 
vom Schmp. 2 : ristalle zeigten bei der Mischprobe mit dem authentischen Praparat 


von IV (Schmp 2 epr or 
40 me XVIII wurden et alls mit 0-8 cc 70°, Essigsdure deketalysiert und ergaben 26°7 mg VI 
vom Sc 
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EINFUHRUNG DER C-SUBSTITUENTEN IN DIE ANGULARE 
STELLUNG DER KONDENSIERTEN RINGSYSTEME (TEIL 4). DAR- 
STELLUNG VON RAC. 


W NAGATA 


n der Shionogi Pharmazeutischen AG 


Forsch ingslaborator 


(Receive st 1960) 


Zusammenfassung—Die Reduktion von rac 
acetat-17-athylenketal IV em U bers san LiAlH Tetra lrofuran bei Raumte nperatur 
ergabd nacl kurzem K en mit Natr 1 c ter Stickstofiatn n re und nach Zuriickacety erung 
das 18-Oxo-derivat X\ ? r A la irc Hua M sche Reduktior und 
nachfolgende Ketalat pal Acetvlier itt »-H O-and sta 3/5-ol-17-on 3-acetat 
XVIIT iberfiihren liess. Diese Reduktionsprozesse stellten eine neue Methode fiir die I nfuhrung der 


angularen C-Substituenten dar 


IN der vorangehenden Mitteilung* dieser Reihe ist eine Methode zur Darstellung von 


sowie 13x-Cyanderivaten der rac. D-Homoandrostan-Reihe, z.B. I. IL]. 1V und 


V, bevorzugt an den /-Epimeren beschrieben worden, die in der Einwirkung von 


Kaliumcyanid in Gegenwart von Ammoniumchlorid auf rac. D- Homo-18-nor-13(17a)- 


androsten-3/)-ol-17-on (1) besteht. In dieser Mitteilung sind die Ergebnisse der 


Reduktion dieser angular stehenden Cyangruppe beschrieben 
Der Modellversuch’ zeigte, dass 5x%-Cyancholestan-3-on-3 athylenketal VI durch 


Einwirkung von tiberschiissigem LiAl(OEt),H? oder LiAIH,, besser mit dem letzteren 


Reagenz, sehr glatt zum Imid VIII reduziert wird, das sich bei der Behandlung mit 
Aluminiumoxyd leicht in Aldehyd IX verwandelt. 5a-Aldehyd IX konnte dann durch 


Huang Minlon’sche Reduktion in 5a-Methyl-cholestan-3-on-3-iathy enketal X in einer 


Ausbeute von iiber 90°. reduziert werden. Im Gegensatz zum 5a-(€ yank6rper ergab 


5-Cyan-cholestan-3-on-3-athylenketal VII bei der Reduktion sowohl mit LiAI 
(OEt),H und LiAKOEt),H,,’ als auch mit LiAIH, immer ein Gemisch von Aldehyd 
XI, Amin XIII und Anil XII, was darauf hindeutete, dass die Reduktion hierbei nicht 


auf der Imid-Stufe stehenbleibt 
Gemiss den Ergebnissen dieses Modellversuches wurde 13 )-Cyan-17-athylenketal 


IV einer Reduktion mit Lithiumalkoxyaluminium- oder I ithiumaluminium-Hydrid in 


wasserfreiem Tetrahydrofuran (THF) unterworfen. Zuerst erwies sich die Verwen- 


dung von LiAl(OEt),H,” als etwas besser, wobei die erwiinschte 18-Oxoverbindung 


XV nach kurzem Kochen des rohen Reduktionsproduktes mit der verd. Natronlauge 


neben dem Ausgangsmaterial in einer Ausbeute von 21°, erhalten wurde. Das beste 


* VIII Mitt: W. Nagata, Tetrahedron 13, 278 (1961) 
' W. Nagata, S. Hirai, H. ltazaki und K. Takeda, VI. Mitt. unter dem Titel Uber die aneular substituierten 
polycyclischen Verbindungen Beitrag zu Liebigs Ana. im Druck 
*H. C. Brown, C. J. Shoaf und C. P. Garg, Tetrahedron Letters No. 3, 9 (1959) 
3H. C. Brown und R. F. MacFarlin, J. Amer. Chem. Soc. 81, 502 (1959) 
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durch Reduktion mit tiberschiissigem LiAIH, erzielt werden. 
IV wurde mit einem Uberschuss an LiAlH, in THF bei Raumtemperatur reduziert. 
Nach der Aufarbeitung wurde XIV in kristallinischer Form erhalten. Es zeigte in 
trum zwei scvarfe Banden fiir Imid be 3270 (<=NH) und bel 

CH—NH). Es wurde, ohne es zu isolieren durch kurzes Kochen unter 

Det nach 


Result il onnte aber 


mit 2N Natronlauge in Methanollésung zum Aldehyd verseitlt 
tvlicrunge in guter Ausbeute erhaltene Aldehyd XV zeigte in seinem 1.R.- 
utliche ¢ H-Schwingungsbanden des Aldehydes bei 2742 cm™' und 


Aldehvd-Carbonylbande, und im U.\ -Spektrum ein Maximum 


n der 

35). Die Analvsenwerte stimmten mit det Formel XV gut 
iteren Bestiitigung wurde XV in den bekannten Ketocarbonsaure- 
XV wurde dazu mit CrO, und H,SO, in Aceton® 
‘tene Produkt, ohne zu isolieren, durch eine Reihe von Opera- 
Salzsiure, Verseifung mit verd. Na,CO, und 


ester? XX iibergefuhrt 


Oxvdiert ul 
tionen, viz. Ent ulisierung mit verd 
licrung der freien ¢ arbonsiure XIX mit Diazomethan tn eimen 
Methylester ul fiihrt. dessen Identitit mit dem authentischen Ester XX durch eine 

ich der 1.R.-Spektren sowohl des Esters selbst als 


anschliess | Meth 


Mischprobe, s ic direkten Vergle 
nzoat XXI festgestellt wurde. XV wurde andererseits nach Huang 


auch von d 
Ausbeute erhaltene 18-Deoxo-Derivat XVI 


Minlon reduziert und das in guter 


*VIl Mitt i trahedron 13, 268 (1961) 


5 A. Bowers, \ J. Lemin, J. Chem. Soc. 2548 (1953) 
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acetyliert. Die Ketalabspaltung des Acetates XVII mit wassriger Essigsiure ergab 
rac. D-Homo-androstan-3/-ol-17-on Acetat XVIII. Fiir priparative Zw ecke erwies 
sich ein Durchlauf-Verfahren als vortrefflich. Dabei wurde von der 13-Cyanverbin- 
dung IV ausgehend, ohne lsolierung der Zwischenprodukte das | ndprodukt XVIII in 
einer Ausbeute von 73°. erhalten. 

Als nachstes wurde das Verhalten von 13 -Cyan-17-diithylketal I] gegeniiber 
Lithiumalkoxyaluminium- sowie Lithiumaluminium-Hydrid untersucht Gegen alle 
Erwartungen verhielt sich If sowohl gegen das erste Reagenz als auch gegen das 


letztere fihnlich wie 5/-( yan-cholestan-3-on-3-athylenketal VII. Obwohl II in der 


NH 


XXIV 
Kilte fast nicht angegriffen wird, ergab es bei der Einwirkung von LiAlH, bei Raum- 
temperatur ein Gemisch von einem primiren Amin und einem Imid, wobei das Amin 
bevorzugt gebildet wurde. Durch nachtriigliche Verseifung und Acetylierung des 
Reduktionsproduktes wurde nun neben einer in geringer Menge gebildeten Substanz 
vom Schmp. 143-147° eine Substanz vom Schmp. 233-236° erhalten. Gemiiss ihrem 
1.R.-Spektrum (Aldehydbanden bei 2710 und 1718 cm 
werten konnte man gut erkennen, dass die erstere den erwiinschten Aldehyd XXII 
darstellt. Die zweite Substanz zeigte in ihrem I.R.-Spektrum Banden fiir Imid bei 


3338 cm~', fiir Acetat bei 1734 cm~. fiir 6-gliedriges Ringketon bei 1715 cm~! und 


und den Analysen- 


fiir primires Amid bei 1685 cm~! und bei 1534 cm~ und wies eine positive Zimmer- 
mann-Farbreaktion auf, was mit der Formel XXIII gut vereinbar war. Die Bildung 


4 


pa 
CH CHO 
0 
0 
> 
i¥ 
" AcC 
Al XV 4 
wrt 
COOR, 
— 
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des freien 17-Ketons beruht scheinbar auf der Einwirkung von Weinsiure, die zur 


Zersetzung des Reaktionsgutes verwen let worden war. Zur Sicherung dieser Struktur 


wurde XXIII mit abs. Alkoh« | a Benzol 1 genwart von p-Toluolsulfon- 
siure langsam destlliet acl iriickacetvlicrung des Rohproduktes wurde 
Snektrum keine Banden fiir 


Produkt 
Ringketon 
Demgema 


4 
*) fiir Imid und fiir primares oder nicht cyciiscnes Saureamid ment zeigte. 
diirfte man diesem die Formel XXIV zuko 
= 
rh 
ant nd inst tat de ermes en 
B) des Athvlenketals IV 
i der Biegsamkeit der C,,-O Bindung den 
BESCHREIBUNG DER VERS 
K kop” (Fa. Hans Bock, Frankfurt, Main, Deutsen- 
Alle Kor er W . anders 
R St ber FU, 
‘ Px P Athe Alb \ 
Aktis 
39 Die Reaktions » wurde unter 
G 0-886M R schen Salz-l CO CUES 
MW he Wasser mit Chf ext Die 
Der R ' 14-Scc Me st, mit S8cc 2N NaOH 
Prick i Di wurde \ d Ae um«kris ef es XNIII 
Nir ereaben aus Ac und Pn 9-8 mg rohes XXII, das nach mehrmalige 
2:1 eluierten Frak > amd af rten Fraktionen ee 
, eon bei 143-147° schmolz. Dic mit Bzl-Chf 9:1, 8:2 und 
neruppe ist cine noch nahere 
Ob stufenweise e LiAlH,-Re ktion der ‘ aren Vangruppe iss cree 
Disk nin d ngegebenen Mitteilung 
T. Reichstein und C. W. Shoppee, Disc. Faraday Soc. Nr. 7, 
} 
aa 
: 
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ergabden au nd > Welter me an 5921 924 
" xy c s An und Ae weitere 30-1 mg v XXIII vom Schmp. 231-234°. Zur Analyse wurde 
3 XIII weiter schmoiz danach bei 253-236". XXIII zeigte eine deutliche positive 
a androsta -on-3-acetat-17-didithylketal XXII. Schmp. 143-147°, LR | 
i n cm~* 2710 (CHO 32 (AcO 8 (Schulter, CHO), 1248, 1022 (AcO). 1128. 1051 
OFt/, 
(Gel in H, 9-74. ¢ H,.O M_.G. 434-60) Ber C. 71-85: H.9-74 
Sc p. 23 I.R $35 NH 734 (AcO 715 « $34 (NH_CO 
69-87: H. 9-28: N. 2 
Ve d ef Nac 5 Std 
\ ( 7 } ) 7 ‘ ON 2H MG 
40-6) Ber.: C, 7087; H N 
a 
1<.< 
aus An und Ae 62 Ausgangsmaterial \ p. 230-237° erhalte 
Mal 
ell 


ner 0-172M’ LiAIH,-THI 
138-5 mg (0-343 m. M 


4602, 3551 (OH) 


hylenketal-3-acetat XV. Prismen aus Ae und Pn, Schmp 


oO 
166 cm 1731. 1241, 1028, 1020 (AcO), 1102, 1078 | 
Oo 


6: H. 9-80. C,,H,.O, (M.G. 390°54) Ber.: C, +80; H, 

Ketalabspaltung des dl-b- Homo-and (XVII) 

7 me rohes XVII wurden in 0-5 cc Fisessig gelést, in der Warme mit 0 25 cc Wasser versetzt und 
dann 30 Min. auf 100° erhitzt Das Lésungsmitte!l wurde im Vakuum volistindig abdestilliert und 


der Riickstand (7 mg) wurde dann in Ae aulgenommen, filtriert und im Vakuum eingedampit Der 
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unter e kriif Rihren eine | ng innerhalb von 
ON | K cT Std. lang gerunrt Die Reaktions | irde pte 
da beck d cc Wasser t. Das Reak rut rde dann 8 M ter Riickfluss a 
’ ete Imi fen. Im Val rde das | ttel bis ca. zur ia 
Fish dd mit Chf 
Die \ I Na. SO d 
Valk kt en 1.R.-Spekt N Banden 
OH 36° 7 1)? +179 HH i ©. 
ir Produkt t occ Ac,O 
c P Ra " " Au 160 
‘ ALO. (W D Pe-Bzl (9:1)42:1) 
x' M 0-4 S ] 
Ss \ . \ 
»90-2 G Hs C.,H,,.O, (M.G. 404-53) Ber.: ¢ 25; H,& 
Mis XV, KOH, 03 0°, Hyd drat 2cc Tridthylen- 
210-22 M W da 
Erk M Eis-W it- 
tell 1) ( \ \W Na SO dl fen 
Valk KI R kt, Alk 25-4 es XVI Blattern 
n Xx 218-222 M ¢ 9-4 mg S 3219" (total 34-8 meg 
67-3° der Theorie) ergab. Weiteres Umkr An-—Ae ergab das reine XVI vom Schmp 
5-8 favor rd 10 und 1-5 cc trockenem Py bei Raumtemperatur liber Nacht 
Die it eA Ac 1 Pn 123 Acetat 
XVII in P mS 64-166 (Doppelt-S 5.) ergeab. Die Mutterlauge wurde a 
Vah na Ruch in M \c mar i rt und : : 
ergab KVil Pr Nc 144 170 73 scoosamt o) : 
dl-p- Homo-a XV1. Blatter aus Alk oder An und Ac, Schmp 
4 
oO 
221-223, LR 1102, 1075 (Gef.: C, 75-71; H, 10°38. 
oO 
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Eindampfriickstand wurde erneut aus Ae und Pn umkristallisiert Dies ergab 6 mg rohes XVIII in 


Platten (Busch) vom Schn p. 145-148", welches bei der M schprobe und dem Vergleich der I.R.- 
Spektren mit dem im anderen Versuch (Durchlauf-Verfahren s unten) bereiteten Praparat (Schmp. 
154-—157°/163°) identisch war 
dl-p-Homo-ar XVII. Platter s An und Ae Schmp. 154—157°/160 
163°, LR. 1739 (AcO), 1711 O), 1248, 1239, 1028, (Gef.: C, 76-3 77 


2N NaOH 


Dix 


hin hes Rx cetat, das direkt aus An ag ef risti 

XVIII in Platten vom § np. 152-154° und ler Mutterlauge weitere 186 me XVIII vom Schm 
149.153 Die ersten Kristalle wurde mC \ d Ae nk ti ert d ergaben das 
XVIII vom Schmp. 154-157°/160-163° (Doppel-Schmp.). Die letzte Mutter auge wurde im 


chromatographiert. Die mit Pe—-B +: 1)-4(1:1) eluierten Fraktionen ergaben a Ae und Pn 97-¢ 
XVIII vom Schmp. 152-154" /-160 d aus der Mutterlauge weitere 37-4 mg vom Schmp. 150-154 
158-160°. Die mit Pe—Bzl (1 :2)—Bzl eluierten Fraktionen ergaben aus Ae und Pn 14-2 me dl-p-Homo- 


18-nor-A -androsten-3/)-ol-17-on-3-acetat (l-Acetat) vom Schmp. 134—136° (Mischprobe) 


3.9 


on- 
Insgesamt wurden 820 mg dl-p-Homoandrostan-3/)-ol-17-on-3-acetat XVIII ( 


bezogen auf IV) erhalten 


VI. Oxydation von dl-p-Homo-18-oxo-androstan-33-ol-17-on-1 7-dithylenketal (XV) 


80 mg XV wurden in 15 cc iiber KMnO, frisch destillierten An gelést und dazu wurde unter 
Riihren bei Raumtemperatur 0-5 cc CrO,-H,SO, Reagenz (8N)° rasch getropft und weiter 20 Min 
lang geriihrt. Nach Zugabe von fiinf Tropfen Me und danach 50 cc Wasser wurde dreimal mit Chf 


ausgeschittelt. Die Chf-Ausziige ergaben nach Waschen mit Wasser. Trocknen iiber Na,SO, und 


Eindampfen im Vakuum 119 mg I indampfrickstand, der sofort in 10 cc An gelést, mit 2 cc 2N HCl 


versetzt und 30 Min. unter Riickfluss gekocht wurde. Nach Zugabe von 300mg wasserfreiem 


a 
is 
V. Durchlauf-Verfahren fiir die Darstellung von XVM ausgehend von IV 
ke Zu einer | 1-23 ¢ LiAIH 00 cc abs. THI rde unter Eish g und Riihren eine ‘ 
Losung 3g ibs. THI n 30M retroy id Std. bei 
Ra erat Unt Fish ed Reakt t rM sung 
\ U0 r OSS6M R Scc emer 0-5M W ng. dann 
mit et rsetzt ( t Die ¢ \ ergabe ich 
Wascl t W ‘ Tt en uber Na.SO d } yf Vak 
. 
Produkt. d [.R.-Spek N ) Banden fiir Hy« rei 3380, 103 fiir | bei 3270 
(se 1655 cn irk ir!) und fur Ketal bei 1126, 1098 ¢ eigte. Das wurde nicht 
e | OO ce Me ‘ CC versctzt d dann im N.,- 
c=) Str M er R Kocht. D M rd Vakuum eingeda I er Ruckstand mit 
ctwas Wa etzt d Chi ttelt. ¢ \ iber ic! 
M ‘ enen ! \ cc 80-pr Hydrazinhydrat, 2-14 ¢ 
ae KOH und 41 cc Triathyle rd Stund bei 130-150° gehalter 
1g nnerhalt m 30M de d f 210-220° erhoht 3Std 
ae lang be cher Temperatur ten. Die Reaktior ing wurde da die etwa zweifache 
a4 mit Wasser ge d iiber Na.SO, getrocknet. Eindampt n Vak terliess 1-218 g 
Sta che eduh XVI citere er Ke b unterworfen 
wurde. Es wurde d | t. Unter S rden 1S—100° 20 cc Wasser 
j rascl reve Die Real vurde d e viertel Std bei er Temperatur 
erhitzt, im Vab bis einem Drittel des \ eings t dd fiinf nit Chf aus- 
geschuttelt. Die Chf-Extrakte wurde G nst it 2N Na.CO,, dann Wasser gewaschen. 
uber Na,SO, getrocknet dim Vak in la 
te ; Zuletzt rde d so erhaltene krista he 3-Hydroxy-17-keton (1-006 g) mit 7 cc Ac.O und 
10 cc Py bei R temperatur liber N D 7 
Theorie 
4 
; 
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sit etwas Wasser versetzt und dann 


mit Wasser, Trocknen liber 
2N Na.CO, in 10 cc 


mit ctwas 


iscnel 


dic im Vakuum eingeengt, 
‘ 
pfet Vakuum 124°3 mg Einda pfrickstand, der 
en (1-5 Std.) verseift wurde. Da Me wurde im Vakuum abdestillicrt, = ae 
ud 
und dann dre ’ Chf ausgeschiittelt. Die Chi-Losungen wurden zweimal mit st 
i rt i da Wasser gewasc! Die alkalischen | ungen und das Wasch- 7 
urden vere t d ter Ersku g mit ko sis auf pH 3 angesduert. Die 
ausgeschiedene Siure XIX Chf aufeenommen. Eindampfen der gewaschenen, dann . 
getrock ( Extrakt« Vaku t krist cl Siure XIX, dic durch 
Waschen mit Ae grob gereinigt wurde (37 mg). Andererse le aus den ersten Chf-Ausziigen ae 
$7-8 mg neutraler Antetl ernalte der aber 1 t weiter tersuc i verworfen wurde. Die a 
so erhalt Saure (37 vurde therischer CH,N,-I ng in Dioxan methyliert 
Die iibliche Aufarbeitung er 68 mgt ster (XID, der aus Chf-Ae 12-0 mg XX in Saulen 4 
vom Sc } r Mutt e weitk XA Schmp. 184-18 ergab 
Der so erhaltene Ester (XX) et c einer M idem Verg der I.R.-Spektren : L3 
als ide td jul a Wee restellt Prat it (S np. 192 ws 
D en K 0-5 P ti2 B rid versetzt und 
beitung ergab 2 Benzoat, das aus A 1 Ae 7 t (XXI) in Sdéulen vom 
Schmp. 228-232° und aus der M we weitere 5-0 mg XXI et ») ten Kristalle wurden 
nochma A d Ae um} rt en cin fast Praparat \ Schmp. 231-235", 
da it t ion P it (Schmp. 254 >) rgliche vurde (1.R., Mischprobe) und 
si benta rwit 
Fiir die Unterstiit dieser Arbeit und die we Diskus dariiber méchte ich Herrn - 
Doktor K. Takeda, dem Dir es For tor sowie Herrn Prof. E. Ochiai We 
herzlichs ken. Ich dank ch Herrn T. Tera iH r. Aoki fiir ihre freundliche -s 
Hilfe, Herrn Dr. T. K ta Herrn Y. Ma fiir die op en Dat ind den Herren vom Bh 
Mikrolabora riu fiir die Ana daten bestens ra 
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Zusammenfassung—rac. D-Homo-androstan-3/-ol-17-on-acetat V liess sich durch Umsetz ing mit 
CH,MgJ und nachfolgende Acetylierung 17x-Methylhydrin VII verwandeln, das durch Wasser- 
ibspalt y mit POC und Pyridin ein Gemisch von zwei isomeren endocyclischen ungesittigten 
Produkten (XII) ergab. Vier cis-Diole, die durch OsO,-Oxydation aus XII entsta den sind, konnten 
sowohl strukturell als auch riumlich aufeinander bezogen werden. Durch Identitat des IL.R -Spek- 
trums Steiite es sich herau da eines cgiesen vier len, X\ i cil Racemat des 1 itiirlichen, 
optisch aktiven D-Homo-17//-methylandrostan-3 7%,17ax-triol-3-monoacetat XVb darstellt. Somit 
wurde bestatigt, dass der Grundk6rper der bisher abgeleiteten Zwischenverbindungen denselben 


sterischen Aufbau wie die natiirlichen Steroide besitzt Ein Paar Diole, XIII und XVa, und ein 
anderes Paar Diole XIV und XVI liessen sich mit HJO, zu den Ketoaldehyden XIX bzw. XX oxvydie- 
ren, die durch Ringschluss mit Tridthylamin-Acetat n die Endprodukte, rac. 16-Acetyl-A'*-androsten- 


3-ol-acetat XXIla bzw. rac. acetat XXII la tibergefiihrt wurden. XXIla 
und XXIIla erwiesen sich durch Vergleich der I.R.-Spektren, der U.\ -Spektren und der papier- 


chromatographischen Rf-Werte der verseiften Alkohole als die Racematen der entsprechenden 


naturlichen Verbindungen XXIIb bzw. XXIIIb 


IN den vorhergehenden Mitteilungen dieser Reihe sind die Synthesen von rac. D- 
Homoandrostan-|7-on-3/-ol-acetat (V)* und rac. D-Homo-18-norandrostan-17-on- 
(II])'s* beschrieben worden, wobei die erste 
Substanz durch Huang Minlon’sche Reduktion aus der entsprechenden 13/-Alde- 
hydverbindung (I) und die zweite Substanz sowohl durch Abbau der Briickenver- 


bindung II mit verd. Natronlauge als auch durch direkte Oxydation mit CrO, aus 


I erhalten wurde. 

In dieser Mitteilung berichten wir iiber die D-Homoring-Kontraktion von V, die 
endlich eine erfolgreiche Synthese der rac. Steroide herbeifiihrte und damit die 
Richtigkeit der bisher angenommenen riumlichen Konfigurationen der Grundk6rper 
endgiiltig bewies 

Setzt man V mit einem Uberschuss an CH .MgJ in Benzol um, so bildet sich nach 
anschliessender Acetylierung ein Methylhydrinacetat VII in guter Ausbeute (82-5 °,), 
wobei die Einfiihrung des Methylrestes stereoselektiv von der «-Seite des Steroid- 
molekils erfolgt. Dies konnte wie folgt durch Uberfiihrung des gleichen VII aus 
Lakton IX einwandfrei bestitigt werden. LI wurde nach der Benzoylierung (IV) 
mit einem Uberschuss an CH,MgJ in Tetrahydrofuran (THF) umgesetzt, wobei 
erwartungsgemiss die Benzoylgruppe wegen ihrer relatiy geringen Reaktivitét der 

* IX Mitt.: W. Nagata, Tetrahedron 13, 287 (1961) 


?W. Nagata, VII. Mitt. dieser Reihe, Tetrahedron 13, 268 (1961). 
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Carbonyl-Funktion fast nicht, und der 13-Carbonsiureester wegen seimer riiumlich 


gehinderten Lage gar nicht angegrifien wurden. Ferner erzwang die umfangreiche 


13-Carbomethoxygruppe die I inflihrung des Methvlrestes an die 17-Carbonylgruppe 
nur von der «-Seite des Molekiils und somit ergab sich ein stereoselektiver Verlauf der 
Bildung von y-Lakton-Benzoat IX, das durch alkalische Verseifung glatt freien 
Alkohol VIII ergab. Eine bessere Ausbeute von LX wurde aber durch anschliessende 
Zuriickbenzoylierung erreicht Ausser dem Hauptprodukt 1X wurde dabei auch ein 
hochschmelzendes Produkt (Schmp. ube 300°) in kleiner Menge erhalten, das nach 
seinem I.R.-Spektrum ebenfalls neben det Benzoatgruppe noch eine y-Lakton- 
gruppierung besitzt Es wurde demnach vermutet, dass es sich bei ihm um ein 
dimeres Produkt handelt. Dieses wurde aber nicht weiter untersucht 

In der Absicht. dieses Lakton glatt in ein 18-Oxohemiacetal X zu verwandeln, 
wurden nun VIII sowie [IX in Anlehnung an die Literatur? mit der kontrollierten 
Menge an LiAIH, in THF reduziert Es ergab sich nach mehrmalign Versuchen unter 
verschiedenen Bedingungen, dass die Reduktion hierbei nicht in einheitlicher Weise 
verlief und immer cin Gemisch von 18-Oxohemiacetal X und 18-Hydroxyverbindung 
XI lieferte. Dieses Gemisch wurde danach einer Huang Minlon’schen Reduktion 
unterworfen und nach det chromatographischen Trennung des Reduktionsproduktes 
an Al,O, wurden zwei Produkte. Diol VI und Triol XI, erhalten. Das erstere ergab 
nun nach Acetylicrung mit Acetanhydrid und Pyridin Monoacetat VII, das sich 
durch den Misch-schmelzpunkt sowie den Vergleich der | R.-Spektren mit dem oben 
erwiihnten, aus V abgeleiteten Diolmonoacetat als identisch erwies. Da sich dieses 
Methvihydrin von y-Laktonbenzoat IX ableiten liess besitzt die am C,, stehende 
hydroxylgruppe zweifellos die /-Konfiguration, d.h. die axial-Konformation, 

CHO CO-N—Ms COOCH, 


RO 
VI 
Vil R*Ac 


Trans-diaxiale Wasserabspaltung von Methylhydrin VII mit POCI, und Pyridin 


exper 


K. Heusler r. P. Wieland und A. Wettstein, Helv- 


q 
é 

2 

= 
2 Rc 
AcO AcO 
W R=#CO 
~ 

CH. | O# 0 
| 
cH, on | cH, 
x 
CH. OH CH, OH 

CHs Or 
HO 
xi 
2 J. Schmidlin, G. Anner, J.-R. Billeter, 
Chim. Acta 4, 2291 (1957) 


lotalsynthetische | nterschungen an Steroiden—X 297 


verlief nicht in gleicher Weise wie beim 38-Methyl-cholestan-3x-ol,? wobei fast 
ausschliesslich A*-Steroid entstand,4 und ergab ein Gemisch von A'*- sowie A177). 7- 
Methyl-b-homo-androstan-3/-ol-acetat (XII). Aus dem Ergebnis der unten erwihnten 
Oxydation mit OsO, zeigte sich, dass das Mischungsverhiiltnis der beiden ungesit- 
tigten Produkte ungefahr 1:1 war und sich dabei fast kein exocyclisch ungesattigtes 


Vu 


XIX + XX + Keto- 


corbonsoure 


XVII 


Hecogenin—Acetot 


Produkt bildete. Die lrennung dieses Gemisches in zwei Komponente durch Al,O,- 


Chromatographie war erfolglos. Daher wurde dieses einer OsO,-Oxydation unter- 


worfen. Durch die \l,0,-chromatographische lrennung des Oydationsproduktes 
wurden nun vier cis-Diole, XIII, XIV, XVa und XVI nach der Reihe der Eluierung 


' D. H. R. Barton, A. da. S. Campos-Neves und R. C. Cookson. J. Chem Soc. 3500 (1956) 
* vgl. R. B. Turner, W. R. Meador und R. E. Winkler. J. Amer Chem. Soc. 79, 4122 (1957). 


= 
‘ 
= 
C,,H,,0, 
TY 
XXIlo + XXillo AcO 
| 
OH 
OH 
+. CH, CH, CH 
’ OH + re) 
ae AcO OH OH 
~ XV XIV XVI : 
b,d 
CH 
— 
0 
AcO AcO AcO 
xIx — KX | 
i CH, 
| 
AcO CHO 
XX! 
CH, CH, 
co 
|_-OH 
i! 
OCH, 
: XVII (d XXIII, 
b, d : 


298 W. Nacata, T. Terasawa, S. Hirat und TAKEDA 


und in vorwiegender Menge an XVa und XVI erhalten. Durch Identitat des I.R.- 
Spektrums in CHC |, stellte sich heraus, dass eines von diesen vier cis-Diolen, XVa, 
ein Racemat des optisch aktiven cis-Diols XVb darstellt, das aus dem schon bekannten 
natiirlichen p-Homoannulationsprodukt XVI durch Reduktion mit Aluminium- 
isopropoxyd’ erhalten wurde. XVII wurde hierbet in Anlehnung an die Angabe von 
Elphimoff-Felkin ef aus XVIIE durch 
Einwirkung von BF, hergestellt. Dadurch konnte die Identitat der bisher angenom- 
menen riumlichen Anordnung der asymmetrischen Kohlenstoffatome des Grund- 
kérpers mit derjenigen des natiirlichen Steroides endgiiltig bewiesen werden. Ausser- 
dem erwies sich dadurch die Konfhiguration der zwei Hydroxylgruppen von XVa als 


17x und 17ax. Da sich XII durch Perjodsiure-Oxydation in cin und denselben aus 


XVa abgeleiteten K etoaldehyd XIX verwandelte, orientierte sich die Hydroxylgruppe 
von XIII nach 172 und 17a Die iibrigen zwei Produkte, d h. XIV und XVI, stellen 
also die 16,17-Diole dar, weil sich dieses Paar durch HJO,-Oxydation in einem 
anderen Ketoaldehyd XX iiberfiihren liess. Gemiiss des Prinzips des 4-Seiten- 
Anoriffs. das hier in der Bezichung rwischen einem anderen Diol-Paar, XII und XVa 
schon verwirklicht wurde, durfte man dem in grosser Menge gebildeten Diol XVI die 
16x. 17x, und dem anderet XIV die 168,176-Konfiguration zukommen lassen. Somiut 
konnten die vier Diole strukturell sowie raumlich klat aufeinander bezogen werden. 
Da hierbei kein 17-Hydt xvmethvi-17-ol erfasst wurde und da die gesamten A us- 
beuten an 16,17- und 17 17a-Diolen ungefiihr gleich waren, 1st Zu schliessen, 
dass die urspriingliche unges ttiote Verbindung XII haupts: chlich aus der iquivalen- 
ten Menge von und .-androsten-3/-ol-acetat besteht. 

Der Ringschluss der schon Lristallisierten Ketoaldehyde XIX und XX zum 


entsprechenden fiinf-ghedrigen I Ring gelang glatt erst in Anlehnung an die Angabe 


von W. J. van der Burg et a/.” durch Kochen der Xylol-Lésung 
Gefiiss und lieferte dic gewinschten 


n Gegenwart von 


Triathylamin-Acetat in einem ¢ ikwierten 
Endprodukt nimlich, d1-16-Acetyl- \'*androsten 


165° XXIla bzw. dl-A" yom Schmp 167-169 


-ol-acetat vom Schmp 163- 


XXIIla. Dabei erwies sich die Verwendung von Piperidin-Acetat, Natriumithylat 
und verd Natronlauge als Kondensati ynsmittel in Stickstoff-Atmosphare bel 
gewOhnlichem Druck als erfolglos. Ferner wurde gezeigt, dass beim Ringschluss von 
XX. das isomere Produkt XXI nicht gefasst werden konnte Dies ist, wie schon 
RB. Woodward et a/.* erwahnt haben. auf die durch dic riumliche Abstossung 
zwischen der Aldehyd- und der ¢ ,-Methylengruppe bedingte | nstabilitit der Ver- 
bindung X XI zuriickzufiihren 

Das 1.R.-Spektrum von XXIla in CS, war mit demjenigen des aus dem Diol XVb 
nach den gleichen Reaktionsfolgen erhaltenen, optisch aktiven 16-Acetyl-A'*-andro- 
sten-3-ol-acetates XXIIb, wie aus der Abbiidung ? zu ersehen ist, in allen Einzel- 
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heiten identisch. Die U-.V. -Spektren der beiden waren ebenfalls identisch. Die 
weitere Identifizierung wurde dann durch Papierchromz itographie der 
ten, freien Alkohole durchgefihrt, wobei beide Substanzen in 


beiden verseif- 
einem System 
Formamid-Aceton (1 :2)/Toluol-¢ yclohexan (1:3) denselben 0-85 ergaben. 

Ferner lieferte das andere synthetisierte rac. Steroid, dl-A'*-5; z-Pregnen-3/-ol-20- 
on-acetat XXIIla ebenfalls ein vollst: indig identisches I.R.- (Abb. 1) sowie U.V.- 
Spektrum wie dasjenige des in der Literatur schon bek: innten, optisch aktiven A?*- 
5-Pregnen-3/3-ol-20-on-acetates XXIIIb. das nach der Angabe von A. F. B. C 
et al.”” aus Hecogenin-Acetat hergestellt wurde. Die Bezichung beider 
wurde auch durch denselben Rf-Wert 0-87 ihrer verseiften freien Alkohole auf einem 
Papier-chromatogramm in dem oben beschriebenen Lésmngsn 
gesichert. 


\usserdem konnten XXIla und XXIIla aus XII durch Ozonisierung und nach- 


ameron 
Substanzen 


uttelsystem vdllig 


folgenden Ringschluss der gebildeten rohen Ket aldehyde, wie oben, mit Triithyla- 


min-Acetat in Xylol-] Osung, wenn auch in etwas schlechterer Ausbeute. gleicher- 


weise erhalten werden, wobei sich in der ersten Oxydationsstufe | 


der Verwendung 
von einem Uberschuss an O, eine Ketocarbonsiure vom Schmp 


Ausbeute von 15—20°, bildete. Diese stellte sc heinbar ein weiteres ( xydationsprodukt 
von Ketoaldehyd XIX oder XX dar id die Analysenwerte stimmten auch damit 


sehr gut iiberein. Dieses Produkt wurde abet nicht weiter untersucht. 
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t C ht ausgesc 
er Na,SO 
Banden 
Zehntel) be 
n fiir Bet 


LiAlH, regrifl wu Dieser rohe Eindampfriickstand wurde 


sofort cu uany Re 1UA 
den noch milderen Reduk eungen (z.B. bei der Verwendung von 0°75- sowie 
1-Mol. Aquiv LiAIH, und bei Raumtemperatur) wurde das Ausgangsmaterial als Hauptprodukt 


zuriickerhalten 


t2 5 A. Krynitsky, Analyt. Chem. 20, 311 (1948) 
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oa Unter Abkil f vurde das Gemisch mit 5 cc Wasser, dann mit 10 cc 2N Salzsaure 
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D Nr. 2 Pe-B 1:2)) en wus A Ac 159-3 mg rohes 

. 
Lakton-B in f 44-2 der Mutterla ter 

= Ber.: C. 7 H 
| B WN 2 \ 1 Ac, 5 ber 300°, 
74 H 0. K P.O 25 
875 $-48: H, 8-06. C,,.H,.O, (M.G i, 

12-5 M | 61 me KOH 
W N.S r Eisk = 
" Reakt rah Di 

VIE in Platt Sc 6, aus luge weitere vom Schmy 

H. 9-63. (M.G. 332-47) Ber.: C, 75°86; H, 9°70",) 
(4) Lithiumaluminiu und nach Huane Mir e Reduktion von 1X 
at (i) LiAIH,-Reduktion. Z + Lésung von 148 mg IX in 10 cc wasserfreiem THF wurde untet Ath 
sow 0-248M LiAIH,-1 1-25 Mol Aquiv.) 
innerhalb von 15 M ropt dann 3 Std. unter ekocht. Nach Abkihl sit 
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iwendung dieser Reduktion auf Hydroxylakton VIII er rab cin ungefihr es Resultat 


Hua n- Reduktior ck ben besc ebenen Einda ich nds wurde mit 


KOH und drazinhydrat d thylenglyh gsa rhitzt, wobei 


und 


Die Chf- 


inn 


bereitet 


wurde der 


cc N HCI 
extraniert 
Trocknen 
Ac,O und 
liche Aufarbeitung ergab 
mg VII in Prismen vom 
re 101-1 mg VII vom 


157-162° erga wurd obacht Del +2° halb geschmolzene 


Produkt (VII) beim weiteren Erhitzen in la ye! atten erstarrte und bei 162—163° véllig schmolz. 
Dieses Produkt erwies sich in einer hprobe un lem Vergleich der I.R Spektren als identisch 
mit dem auf anderem Weve hergestel aparat (VII, s. oben). Daraus folgte, dass die neu an 
( eingefihrte Methylgr ippe di nhiguration (aquatorial) besass. Der letzte Mutterlaugen- 
rickstand (268-9 mg) wurde an 8g Al,O, (Woelm Akt. II, neutral) chromat graphiert, woraus 
weitere 50°] mg VII vom Schmp. 142-144 °/163-164-5° (aus den mit Pe—Bz] 4:1 2:1 eluierten Frak- 
tionen, Nr. 6-14) und 9-7 mg Ausgangsmaterial (aus den mit Pe—Bzl 1: 1—Bz] eluierten Fraktionen, 
Nr. 17-23) erhalten wurden. Die Ausbeute von VII betrug dann 442-3 mg (82°5°, der Theorie). Zur 
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liber P,O, bei 100-110 getrocknet und schmolz bet 161-163 ohne sich 


t-acetat (VII). Prismen oder Platten aus An und 
cn 3625. 3505 (OH), 1726, 1249 1025 (AcQ), 
10-60. ¢ 362:53) Ber 6-19: H, 


m Vil 


cetat (X11), Schmp. 
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ip.) I 
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und Pn, Schmp. 2 Foon Cl 578, 3300 (OH). 1727, 1250, 1025 (OAc), (Gel _ ol 
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(XVa) Seidenartige Nadeln oder 
Prismen aus An (wenig), Ae und Pn, Schmp. 203-204 (seidenartige Nadeln), sowie 206—207° (Pris- 
men), I.R. 3559, 3520-3300 (OH), 1727. 1252. 1027 (OAc), L.R.-Spektren von beiden 
Formen sowie von dem nz a d-K6rper (s. unten) in Chf waren in allen Einzelheiten identisch. 
(Gef.: C, 72-42; H, (M.G. 378-53) Ber.: C, 72-97: H, 10-12°) 

dl-17-Methyl-androstan-3/,16x,17x-triol-3-acetat (XVI) Sdulen aus An und Ae. Schmp 


230°, LR. rh cm™ 3576, 3546-3300 (OH), 1727, 1253. 1026 (OAc), (Gef.: C, 73-27; H, 10-15. 
3,0, (M.G. 378-53) Ber.: C, 72-97: H, 10-12 


(4) Perjodsiure-Oxydation von XV1 und XIV 


von XVI. 92 mg (0-243 m. Mol) XVI wurden in 2 cc Me und 2-5 cc Dioxan gelést, mit einer 
Lésung von 77 mg (0-338 m. Mol) HJO,.2H,0O in 1-5 cc Wasser versetzt und dann bei Raumtempera- 
tur Std. steher 
Nach Ein “nim Vak. wurde das Reakt nsgemisch in Wasser ¢g ssen und dann dreimal mit 
Chf ausgeschiittelt. Die Chi Auszlge wurden mit 2N Na,CO,-I osung und Wasser gewaschen, iiber 
Na,SO, getrocknet und : ny 


Eine Portion des rohen kt llinischen ndampfrickstands (90 mg) wurde zt Identifizierung 
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va und Pn umkristall Prismen vom Schmp 120 (XIX). Mischschmp. 1 dem isomeren 
Ketoaldehyd von Schm 2 5 )wars 7 Der Mutter! iugen! st i wurd nit 


C ind wurde mit den 
ersten rohen Kristallen v inigt u ter verarbeitet (s. unten). Dieses Prod kt zeigte bei der 
Tetrazolium-Probe ebenfalls nur > schwacl otfarbung 


(11) von 14-1 me 7 n 1) wurden in 0-5 cc Dioxan und cc Me gelést, mit 
einer Lésung von 11-8 mg (0-052 m. Mol) HJO,.2H.O in 0-7 cc Wasser versetzt und dann be! Raum- 


temperatur 6 Std. stehen gelassen. Die gleiche Aufarbeitung wie bei 4-(i) ergab 15 mg Eindamp- 
friickstand, der aus peroxydfreiem Ae und Pn fraktioniert umkristall rt wurde. Zuerst wurden 
1-8 mg Ausgangsmaterial vom Schr ip. 22 9° oder 230-240 je nach der Qualitat erhalten (Misch- 
probe) Aus der Mutte rlauge wurden 6°6 mg XIX von 1 Schm p 114-118 erhalten welches in einer 
Mischprobe sowie dem Vergleich der I.R Spektren (Chf) mit dons oben beschriebenen Ketoaldehyd 
(XLX) identisch war 

Ketoaldehyd (XIX). Prismen aus peroxydfreiem Ae und Pn, Schmp. 118-5—120°, LR. »£" cm= 


2697 (CHO), 1722 (OAc, ¢ HO und ¢ QO), 1248, 1028 (AcO), (Gef el 27: H, 9-55 C.,H,,0, 
(M.G. 376-52) Ber C, 73-36; H, 9°64°%) 


(6) Ringschluss von Ketoaldehyden (X1X und XX) 


(1) Cyelisierung von XIX. € yclisierung von XLX sowie XX wurde nach der Angabe® durchgefihrt. 
110-6 mg des oben beschriebenen rohen Ketoaldehyds in 25 cc abs Xylol und 4 cc einer Li sung von 
0-6 ce (E t)sN und 0-36 cc Eisessig in 10 cc abs. Xylol wurden in ein am einen Ende geschlossenes 


a 
aus 
7 Mutterlaugenriickstand wurde mit den 
— verwendet. Er zeigte mit Tetrazolium 
(11) von XIV mg (0-0/748 m. 
einer LOsung von 23 ¥(0:104m. M 
temperatur 1-5 Std. stehe rclassen 
Eindampfriickstand erhalt ler 
er 
( 
= 
(5) von XVa und X11 
= 3 
| 
ae 
43 
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und An (—85°) 


Nach starker Abkiihlung des einen Endes mit Trockeneis 
unschliessend im 


Glasrohr eingetragen 
dann am anderen Ende geschlossen und ; 


wurde das R« Torr evakuiert 


Xviol-Bad 10 Std. erhit 


Nach Erkalten wurde die Reakt 


ynslésung mit 2N HCl, dann mit Wasser gewaschen. Die 
wass! Phasen wurden vere id zweimal mit 


Trocknen liber Na SO, und 


Ae und Pn umkristallisiert 


Aus den Mutterlaugen wurden 


ade 


|| 


Durchioss 


rarot-Spektren (3-5 mg Subst. in >? cm’ CS,) 
ches d-16-Accty \'*_androsten-3/)-ol-acetat XXIIb 


synthetisches dl-16-Acetyl-A"*-androsten 3$-ol-acetat XXIla 


304 
Dic organiscnen EA Ate 
| im Vak. 128mg Kristallinisches Rohprodukt, das 
wurde. Die ersten Kristalle (47-6 mg) schmolzen bei 161-5-165 
13 
| 
x 
| 
\ ot-Spektren (3-5 mg Subst 0-2 cm? CS,) 
B — synthetisch la 
rr \ i 
B 
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weitere 25-9 mg und 10-5 mg XXIla vom Schmp. 155-163° bzw. Schmp. 150-158° erhalten. (Ins- 
gesamt 84 mg, 80°, der Theorie). Weiteres Umkristallisieren aus Me ergab diinne Blatter vom 
Schmp 163-165". Dieses Produkt zeigte in der Mischprobe mit dem Isomer XXIIla (s. unten) eine 
merkliche Depression 

Das I.R.-Spektrum dieses /-Ol-3-acetates (XXIla) stimmte mit 
demjenigen des natiirlichen (XXIIb) (iiber dessen Synthese s unten) in allen Einzelheiten volistandig 
iiberein (Abb. 2). Das U.\ Spektrum ebenso 

dl-16-Acetyl-A'*''”’-androsten-3/-ol-3-acetat (XXIla) Diinne Blatter aus Me. Schmp. 163-165°, 


I.R. (3-5 mg in 0-2 cc CS,, vergleiche noch Abb. 2) 3050 Cand H) 1735 (AcO), 1670 (C—C 


C—O), 1238, 1025 (OAc), 849 LR. 3060 H) 1737 (OAc), 1664 


C—C—O), 1594 (sch H) 1248, 1036 (OAc), U.N (©): 241-5 (11500) 
4-06, (Gef.: ¢ , 9-5 40, (M.G. 358-50) Ber 5; H, 9-56°%) 

raphischen Vergleich wurde XXIla mit in wassriget Me-Lésung 

e Verseifungsproc il-16-Acetyl-A" ‘ sten vom Schmp. 

hols wurde in 

itionadre und 

wurde eine 


Die beiden (je 


eine Al.O 
vaben aus Ae und 
us Me Blatter vom 


werd (Abb. 1) ID 


in 0-2 cc ¢ 
1026(OAc). 819 (~~ ( 
9-50. (M.G. 358-50) Ber 
Zum papierchr 


assriger Me- 


vom Schmp. 


(v/y ron th den Sauerst 


leitet 
Nach 20-minutigem Stehenlassen bei gleicher mperatur wurde die Reaktions osung mit 0-1 cc 


221 (1958) 


log 
d 
ver 
eine 
4 Tol 
ae 100 7, Dauer 6°5 Std.) ergaben Flecken vom gleichen Rf-Wert n 0-852 
¢ is nx xX sO des hen hy nro ‘ 
x eschric en Ketoaldehydes (XX) in 2 cc abs 
rue voce U N 1 0°36 cc AcOH in 10 b lol gle 
wie be! ¢ nter vermindertem Dr Xylol gleich 
TUCK | sescniossenen Giasrohr bei Siedepunkt von Xylol 
ea 10 Std. erhitzt 
Die gleiche Aufart ergab 78:2 mg 6lig Produkt, d 
Saule (2 g, Woelm., I wurd nit P 
1 24 vom § las nach weitere micrietall 
XX 161—16¢ ic weite n KTISI sicren a 
schmp. 167-169 ergab 
Das I.R.-Spektrum dieses Produktes (XXIIla) konnte n t demjenigen des natiirlichen A 
eae: Pregne { ctat Ve Sc p. 170 171 35-0 0-879) in Chf 
° hergestellt nach der Angabe von A. F. B. ( rm ta illen Einzelheiten vollstandig iibertragen 
a dl-A Pregnen-3/)-ol-20-on-3-acetat (XXIIla). Blatter aus Me Schmp. 167-169°. LR 
3067 ( ~c—« ), 1735 (OAc), 1670 (C—C—C—0). 1238, 
\ t(e): 240-5 (9110), log 3-96, (Gef.: C, 77-17: H. 
( 77-08 H. 9-S¢ ) 
en Vergleich wurde rohes XXIIla mit Na,CO, in 
I osung versellt und das rone Verse tu ( Sx Pre men- 5 1-70 mn 
178-185°, wurde verwendet 
Die Papierchr des rac hen, s tiirlichen nten) 33-Alkohol 
Wes cne s. unten) A lk is wurde in 
er Verwe Aceton (1:2) als stationre und Toluol- 
1 Cvyclohexan (1:3) als mob Phase bei 9-0-11-5° d 
‘ 
Lt Rf-Werten von 0-876 (fiir die racemische) 10-873 (f die naturliche) 
i ‘ ‘ ‘ res 
(1) Ozonisierune. SO me nes emis | } 122-13 7 | 
Chf ines All (Sc ». 122-125") wurden in 7 ce alkoholfreiem 
i M \ kiih in | CKE ind An SO) wurden 150 cc 
R. Neher, J. Chromat. 1, 
if 
4 
ay 
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das Ozonid unter Riihren mit 100 mg Zinkstaub zersetzt. Das Reaktionsgut 
Wasser versetzt und dreimal mit Chf 
dann mit Wasser gewaschen und liber 


Eisessig versetzt und 
wurde vom Zinkstaub entiernt, im Vak. eingeengt, mit etwas 
Die Chf-Extrakte wurden mit NaHCO,-Loésung 

Eindampfen im Vak hinterliess 70 mg eines dligen Produktes, das aus einem 


extrahiert 
Na,SO, getrocknet 
Gemisch von XIX und XX besteht 


Falls her Menge von Ozon in reinem Essigester 


Ozonisierung unter Verwendung von zweilac 
durchgefuhrt wurde. wurde eine Ketosaure in Nadeln vom Schmp 226~-230° aus An und Ae in einer 
Ausbeute von ca. 15 20°. erhalten 

beschriebene I indampfrickstand (70 mg) in 1 cc abs. Xylol wurde in 


(au) velisierung Der ben 
Gegenwart von 1-5 cc einer Losung von 0-6 cc (Et),N, 0°36 cc AcOH in 10 cc abs. Xylol in einem 
evakuierten (unter | Torr.) geschlossenen Glasrohr auf die Siedetemperatur von Xvlol (als Bad) 


erhitzt. (Srehe 6-(1)) 
Die gicicne Aul irbeit 


(Woelm. Akt. IL) chromatograpniert wurde 
Die Fraktionen Nr. 4-9 (elusert mit Pe—Bzl (9: 1)-(8:2)) ergaben beim Animpfen der Kristalichen 
von XXIIla aus 6-(ii) 2°3 mg rohes XXII la. das aus Me umkrist illisiert wurde. Blatter vom Schmp 
wuthentischen Praparat von XXIlla 


158-164 Dieses Produkt erwics sich als identisch mut dem a 


(Mischprobe sowie Vergleich der I.R.-Spektren) 
Die Fraktionen Nr. 13-30 eluiert mit Pe-Bzl (7:3)-G 7)) ergaben uus Ae-Pn 10-3 mg rohes 
XXIla, das aus Ae-Pn nals umkristallisier 
tisch mit dem authentischen Praparat von XXlIla (Mischprobe sowie 


ne wie bei 6-(i) ergab 47:3 mg eines éligen Produktes, das an 2¢ Al,O,; 


t wurde. Blatter vom Schmp 162-165 Dieses 


Produkt erwies sich als idet 


LR -SpcKiren) 


Cvyclisierungsversucne mit verschiedene 


»» anderen Mitteln, z.B. HOAc Piperidin, ¢ H.ONa und 
verdiinntem wassrigen KOH unter gewonn! chem Driick ergaben kein identifizie 
ym Schmp. 166-169" und vi m Schmp 


dass bei der Verwendung vot HOAc-Piperidin zwe Produkte 


rbares Produkt, nur 


185—192° in Spuren isoliert wurden die aber wegen Material-Mar vels nicht weiter u tersucht wurden 
Ketocarbonsdure. Nadeln aus An und Ae. Schmp. 226-230°, LR om 3150 (bret, OOH), 
1716. 1676 (COOH, C=O), 1235 1034 (AcO), (Gef.: C, 70-41; H 9-23. Cy,HO; 


70:37: H 


rl i hsubstar ren aus der natirlic he n Steroiden 


ver 


A™ t-acetat (XXI111b) und dessen Verseifur rsproduk t 


Diese Substanz wurde nach der Angabe von A. F. B. Cameron ef @ aus Hecogeninacetat 


hergestelit 
\ 
(In der Literatur: Schmp. 


§x-Pregnen-3/)-ol-20-on-3-acetat (XXIIIb). Sdulen aus An und Ae, Schmp 170-171 


5.167 ). {a 360 (+3) 0-879 (Chf), LR. (3-5 mg in 0-2 cc 


CS,, vgl. Abb. 1) 365 (>C—=¢ Hy 1735 (OAc), 1670 (C=C—C=9O) 1239, 1026 (OAc), 819 


(>C—< Hy U.V. AS mu (e) 240-5 (9230), log 3.97 (Gef.: C. 76°87; H, 9°49. 


(M.G. 358-50) Ber 77-05: H. 956°.) 
Produktes wurde durch Kochen mit Na,CQO, in wassriger Me-Lésung bewirkt 


Verseifung dicses 
gsprodukt wurde zur Papierchromatog- 


Nadein aus An und Ac, Schmp 202-207 Dieses Verseifun 
raphie benutzt (s. oben) 
(2) 178-Methyl-p-homo-androstan 33.17.) 7ax-triol-3-acetat b) und dessen Verseifung sproduk t 


aus Sa-Pregnan-3/),172-diol 20-on-3- 


Das Ausgangsmaterial (XVII) wurde nach der Angabe 
acetal (XVID durch D Homoal nulherung hergestellt 

XVII wurde in Anlehnung an die Wendler’sche Methode’ mit Al-isopropoxyd reduziert. 120 mg 
XVII wurden in 10 cc abs. Toluol gelést und durch Abdest leren \ 
dem anwesenden Wasser befreit Darin wurden 120 mg Al isopropoxyd eingetragen und die Reak- 


on > cc aze 


tropem Destillat von 


tionsiosung ? Std. unter Ric kfluss eckocht 
und die wissrige Phase dreimal mit einer 


Nach dem Erkalten wurde ctwas Wasser zugegeben 
rgaben nach W uschen mit 


weanischen Auszuge ¢ 


Mischung von Ae und Chf (1:1) extrahiert. Die 
118-4 mg kristallinisches Produkt, das an 


Wasser. Trocknen liber Na,SO, und Eindampfen im Vak 
4¢ Al,O, (Woelm, Akt. I) chromatographiert w urde 


ag 
4 
| 
ag 
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Die mit Bzl-Chf (8 :2)-(1:1) eluierten Fraktionen ergaben aus An und Pn oder Chf und Pn 75-1 mg 
rohes XVb in Nadeln (Busch) vom Schmp. 183-186", das nach nochmaligem Umkristallisieren bei 
186—-188° schmolz. 

I.R.-Spektrum (Chf) dieses Produktes war mit demjenigen der dl-Substanz XVa in allen Einzel- 
heiten identisch, wonach die x-Konfiguration der Hydroxylgruppe am C,,, sicher festgestellt werden 
konnte 

Die mit Bzl-Chf (3:7)—-Chf-—Me (98:2) eluierten Fraktionen ergaben aus Me (wenig), Chf und Pn 
22:5 mg Kristalle vom Schmp. 250-252”, die nach weiterem Umkristallisieren bei 249-25] schmolzen. 
Dieses Produkt stellte nach der Analyse, sowie dem I.R -Spektrum ein Verseifungsprodukt von XVb 
dar 

17/-Methyl-p-homo-androstan-3/,17x,17ax-triol-3-acetat (XV b). Nadeln aus Chf und Pn. Schmp. 
186-188", I.R. 3560, 3520-3300 (OH), 1726. 1250. 1027 (OAc), [a]; 0-7°(4+5°)C 
0-582 (Chf), (Gef C, 72-51; H, 10-00. C..H sO, (M.G. 378-53) Ber.: C, 72-97: H. 10-12°) 

17//-Methyl-p-homoandrostan-3,17x,17ax-triol. Sdulen aus Me, Chf und Ae, Schr p. 249-251°, 
3320-3440 (OH), 1047. 1037 getrocknet im Vak. iiber P.O, bei 150° bis 
konstantem Gewicht) (Gef C, 74-54; H, 10-66. (¢ , 336°50) Ber C, 74-95: H, 
10-78 


(3) 16-Acetyl-A -androsten-3/3-ol-3-acetat (XX11b) aus (XVb) 


60 mg (0-156 m. Mol) XVb wurden in 1 cc Me und 0-3 
von 50 mg (0-219 m.M ) HJO,.2H,0O in Wasser zugefiiet und di ynslésung 


cc D an gelost izZu wurde eine Lésun 


wurde | 


iperatur stene 


kt. Il) chrom 


(1 Std 


wurde 


: 
4 
Fy 
‘ Seiassel Wie gieiche Aularbeitung wie bei 6-(i) ergab 59 2? mg 
Eindampfrickstand, der sofort in 1 cc Xy vasserfrei) gelést und vei 6-(i) in Gesenwart 
cee cri cc tt cc ACOH in 10 cc Xylol ir einen kuierten veschlos- 
ae Die Aufarbeitung ergab 65 2 meg dliges Produkt las 2¢ AlL.O Woelm 
frapniert wurd 
Die ik (ciuiert n Pe—RB; Bzl) ereaben 35-9 me XXITb vom S hmp. 147 
ae Dessen I.R.-sowie U.V.-Spektrun en beschrieben 6-(i), mit d ren des total 
thetisc rgestellten Pr rat XXIla) 
16-Acetyl-\ ir (XXIIb). Spindeln aus Me, Schmp. 149-151°, [x | 
0-889 (Chf), LR O-2cc CS,, vergleiche noch Abb. 2) 3050 
H 74 
2 ( ( 1735 {(AcO), 1670 C— O), 123 1024 (OAc), 848 ( H) LR 
cm 1040 ( ( ( 5 AcO)). 1663 ( ( 14 0 (sch rf ( ( H) 1250 
AcO) ( ) 241-5 (11200). log 10 (Get C. 77-45 
H, 9-69. (M.G 8°50) Be ( U5; H, 9°56%) 
Die Verse lieses P luktes wurde Na.CO wissrigver Me-] Kochen 4 
bewirkt. | ( \ Ae, Schmp. 205-—209°. D s Verseif sprodukt 
zur Papier e benut 
Fiir die Unterst er Arbeit dic rtvolle Diskuss lariit ken wir Herrn 
‘= ' Analysen date nd He D> T. Kub i Hert Y. Matsu ra n Dater 
i : 
> 
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STUDIES ON SESQUITERPENOIDS—IIP’ 
SOME DERIVATIVES OF GUAIOL* 


Ken icut TAKEDA, HITOSHI Minato and SATOKO NOSAKA 
Research Laboratory, 5! & Co. Ltd., Osak lana 


(Re mher 1960) 


Abstract — W hx ed eavents ride_pyridine, | 


( il kKaline edia 
ene (\ < louble 
Vi 
THe structure f guarol, 4 H.,.0 (1) a well known sesquiterpene alcohol isolated from 
the Gauaiacu wood Was ely establ shed by Plat ner and his collaborators." 
As the hydroxyl group tertiarv one. guaiol is easily dehydrated by means 
of the various denhyadrat y reagents and this reacuion Nas been studied by many 
author In this reaction only a mixture of the unsaturated substances (IIb, Ilc and 

so-called “guaiene 0.p. 125-1 12 mm, 1502 168°. was obtained, 

but no precise structural ¢ idation of each compound has been given in the literature 
Plattner and his co-workers* also examined on the dehydration reaction of dihydro- 
euaiol (Ill \\ ch was obtained Dy the cala ytic hvdrogenation ol euailol with Raney 
nickel unde! rT presst re nd a xture of the ul saturated hnvdrocardons designated 

—* 
\ 
a 
lid 


\ itline er po jatthe 1.U.P.A.C.5 ~osium on the Cher try of Natural Products 


P A. H Cain 19, A. iL. Lemay, / 
23, 89 Pl. A. P dG. Magvar, / 24, 19 194 25 1942 P \ 
Pla < / 24, 194] 

O. Wallach, / fan. 279, 395 (1894); A. Gandu Be Dtsch. Chem. Ges. 41, 4359 (1908); I 


* J. Pliva and F. Sorm, ¢ Crech. Chem. Comm. 14, 274 (1949) 
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as “dihydroguaiene”, was obtained. They assumed that the so-called “dihydro- 


guaiene” is a mixture of IVb, IVc and IVd from the results of ozonolysis of this 


“dihydroguaiene”’. 


In the present paper, we wish to report the results of the dehydration reaction of 


guaiol with various reagents, and furthermore. some interesting findings on the 


reduction products of “x-guaiene” (Ila). 


(1) Dehydration reaction of gvuaiol 


When guaiol was dehydrated with thionyl chloride in pyridine at 60° and the 
products were carefully fractionated* and the following lractions were obtained 
(cf. Table 1). 


Taste |. DeHypRA 


Boiling point [x] Yield (ml) 


Dehvdr 


0-034 


U-U56 


at 250 mu { 780) in U.V. and the ik 


spectr 


Ratio of peak height at 9-3 min : 11-3 min : 17 


Each fraction was examined by gas chromatography and spectroscopic methods. 


As shown in Table |, Fraction no. | s} owed only one peak at the retention time of 


9:3 min in the gas chromatogram, and Fractions nos. 2-5 all showed two peaks at 


retention times of 9°3 min and 11-3 min. The infra-red spectrum of each fraction 


showed three absorption bands at 3100 H), 1645(C—C) and 884 cm Correspond- 


ing to the (C-—-CH, type double bond. The ratio of the peak height at 9-3 min and 


11-3 min in the gas chromatogram and the intensity of each three absorption bands in 


the infra-red spectrum both gradually decreased according to the increase in the frac- 


tion number. 
Purified Fraction no. | showed absorption bands at 3100, 1645 and 884 cm— 


corresponding to the isopropenyl functions in the infra-red spectrum, but no other 


characteristic band corresponding to the conjugated diene or the trisubstituted double 


* See experimental 


j 
7 
Fraction no 
or list; 
ation with SOC pyridine 
‘ ~ 5.7 
4 4 79-.81°/2-5 mn 
= nm 14969 0 10 55-1 5-0 
6 87-92°/3 mm 15053 | : 0-495 11-9 
a Dehydration with POC] -pyridine 
7 
82-84 3mm 1-499] : 0-262 
Dehvdration w th KHSO, : 
mn 1 : O-475 0-29 6°54 
m 0-552 20°63 
10 mm 1: 1-480 : 1-06 11-36 
entry 10 1: 0-559 - 0-285 
lion no, ¢ of the d 1. 7 ) th j 
| CK oulder 
absorption ban 3491 cr OH 11709 cn 
a O) in LR 
| 
| 
a 
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bond in both the infra-red and the ultra-violet spectrum, and showed the following 
physical data: b.p. 78-79°/2-5 mm, 1-4958, 0-8999, —64-S°. Formaline 
was obtained as its dimedon-derivative hen it was ozonized under usual conditions. 
On the other hand, this substance was easily hydrogenated to a dihydro derivative and 
the reduction product no longer showed an absorption band corresponding to the 
isopropeny! functions. Although the isopropenyl type dehydration product of guaiol 
was hitherto unknown in the literature.’ the constitution of this substance has been 
shown to be Ila from the abov e-mentioned results, and the name “*y-guaiene” will be 


given to this substance 
As the substance having a peak at a retention time of 11-3 min afforded acetone by 


ozonolvsis and the infra-red and the 


no band corresponding to the conjugated diene system or the trisubstituted double 


ultra-violet spectrum of this substance showed 


bond. this substance was assumed to he IIb. the structure of which has been already 
reported hy Plattner and other authors. 

The results of the dehydration reaction of guaiol with phosphorus oxychloride in 
pyridine were very similar to those obtained when thionyl chloride was used (cf. 
Table 1). When potassium bisulphate was used as a dehydrating reagent, it gave more 
con plicated results. In this case, each fraction showed three peaks at retention times 
of 9-3 min. 11-3 min and 12-3 min in the gas chromatogram (c/ Table 1). It has been 
proved that the former two peaks are identical with those of Fraction no. 2, the thionyl 

hloride—pvridine dehydration product, when a mixed sample (entry 11 on Table 1) 
eas chromatography (cf. Fig. 1). 

Although the infra-red spectrum of each fraction was similar to that of Ha, the 

intensity of each three absorption bands corresponding to the isopropeny!| functions 


| decreased. Moreover, each fraction showed two more new weak bands at 865 and 


al 
834 cm~' in the infra-red spectrum 


From these observations, the substance having a peak at a retention time ol 12-3 


min may be a new substance but it was impossible to obtain this substance in a pure 


state. However, it may be concluded that when potassium bisulphate was used the 


dehvdration product of guaiol mainly consisted of «-guaiene and IIb together with a 


small amount of the substance of an unknown structure. 


hydrogenation of “-guaiene 


On catalytic hydrogenation of a-guatene, 1 mole of hydrogen was taken up 
smoothly and a reduction product corresponding to the dihydro derivative was 
obtained. When z-guaiene was reduced in ethyl acetate with palladium charcoal as a 
ilvst under usual conditions, It gave a colourless mobile oil, b.p. /2 mm, 
2° 1-4889. The analytical values of this oil are in good agreement with the formula 


C,,H., and all the absorption bands corresponding to the isopropenyl group dis- 


ippeared in the infra-red spectrum However, this product showed a considerable 
positive rotatory power, [x] 52-9", in spite of the fact that the starting material 
showed a negative rotation, [x]),” —645. These results suggest the migration of the 


double bond between ¢ 1 and C—5 in a-guaiene. We now questioned the purity of 


the reduced oil and ¢ xamined it by gas chromatography (cf. Table 2). This oil showed 


two peaks at retention times of 8-8 min and 11-25 min in the gas chromatogram and it 


i M. Descamp Tetrahed n 8, 271 (1960) It was descr hed that guaio (1) was 


G. Chiurdogiu anc 
to give Ila with cid catalyst, Dut il details have not beer reported in this paper 


lehydra 


1 2 
4 
‘(al 
as 
a 
3 
(2) Cat 
4 
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Chromatogram 


TABLE 2. HYDROGENATION PRODUCTS OF %-GUAIENI 


Ratio of peak height 
at 8:8 min :1 1-25 min 


20 
Ny 


Entry no Catalyst Solvent 


10°, Ethylacetate 52 1-4889 


10°. Pd/¢ Ethylacetate 5 5 1-4905 


Acetic acid 


5°. Pd/CaCO Acetone 


Raney Ni Xylene 


Raney Ni Dioxane-MeOH 30-2 1:4879 
NaOH 


Dioxane-MeOH 
KOH 


> 
311 
100 
| 
| 
93min 
| 
| | 
| 4 
entry 7, table I | 
[ entry iO, table 
= ov 
Lie | a 
2 so} | 
; 
4 é 

4 

| 

\ 

FiG. |, of dchydration products of guaio 

|_| 

4 1 : 1:56 

1:09 
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indicated that the reduced oily substance is a mixture of two components, as expected, 
By gas chromatographic examination it Was prov ed that in all cases when reduction of 
a-guaiene was cart ied out under acid or neutral conditions, it afforded a mixture of two 


components as In the above-mentioned case, whereas under alkaline conditions it gave 


only one substance and this showed a peak at the retention time of 8-8 min only. 


The put ified reduction product, obtained under alkaline conditions, show ed the follow- 
ing constants, b.p. 104-106 5 mm. n° 1-4879, d2° 0-8877, [a] 30:2", and the 
analytical data of this substance coincides well with those of dihydroguaiene. The 
infra-red spectrum oO! this compound no longer showed an absorption band corre- 
sponding to the isopropeny! group but a strong band at 1664 cm ' corresponding to 
the C=C double bond was observed in the Raman spectrum This compound ts 


considered to be the anticipated dihydros ne represented by structure V, since it 


may be expected that ‘eration will not occur under such alkaline 


conditions and the valu th tical rotation is also reasonable. This structure was 


further contirme hemically as 1 below 
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When an unpurified oily diketone (X), » C—O 1710 cm~', obtained by ozo- 
nolysis of the afore-mentioned reduction product, was treated with acetic acid under 
reflux for | hr, or with 0-1 N solution of sodium methoxide in methanol under reflux 
for | hr, or by heating at 190-200° without a solvent, in all cases it afforded the same 
crystalline ketol (X1), C,;H,,O,, m.p. 147-149", +-88-6°, Although the infra-red 
spectrum of this substance showed the presence of the hydroxyl group, vy O—H 3406 
cm~', it gave no acetate under usual conditions but a monoacetate (XII). m.p. 130 

131°, when it was treated with isopropenyl acetate in the presence of p-toluenesul- 
phonic acid. In spite of the presence of an absorption band at 1692 cm ‘ corresponding 
to the six-membered ring ketone in the infra-red spectrum, it gave neither a semicar- 
bazone nor a 2,4-dinitrophenylhydrazone when reacted in the usual manner. From 
these observations it was assumed that the hydroxyl group in this ketol is a tertiary 
one and that the position of the ketone is \ ery sterically hindered. On treatment with 
5 per cent sodium ethoxide in ethanol under reflux for 4 hr. the ketol underwent 
dehydration to produce ~,/-unsaturated ketone (XII). b.p. 115-116°/2 mm. whose 
ultra-violet spectrum showed a maximum at 247-5 my ( 11-200) and the infra-red 
spectrum also showed absor ption bands at 1665 and 1622 em—! indicating the presence 
of the «,/-unsaturated ketone. This x -unsaturated ketone was also obtained by 
pyrolysis of the acetoxyketone (XIII) at 400-450°. Since the structure XIV for this 
ketol was excluded from the two possible alternatives by virtue of the results of the 
above-mentioned dehydration reaction the structure of this compound was assumed 
to be 10-hydroxy-2 >-dimethyl-8-isopropyldecalone-| (XI). In order to confirm this 
assumption the foregoing ketol was subjected to dehydrogenation with palladium 
charcoal at 300-350°. and the anticipated 2,5-dimethyl-8-isopropyl-1-naphthol (XV) 
was isolated as the sole product. The identity of the dehydrogenation product was 
evidenced as its picrate, m p. 135-136° and the trinitrobenzene adduct, m.p. 136-137 
rhe results of the ultra-violet and the infra-red spectra also satisfied the structure of 
XV (cf. I ig. 2) 

Now as the correctness of the assumed structure V for the reduction product of 
4-Zuaiene under alkaline conditions. was proved from these e xperimental results, we 
wish to give the name “*x dihydroguaiene”’* to this compound 

Next we examined another reduction product of z-guaienc having a peak at a 
retention time of 11-25 min in the gas chromatogram As this compound is considered 
to be a double bond isomer of z-dihydroguaiene (V). the possible structures of the 
isomer will be represented as VI-IX Although it was impossible to obtain this isomer 
im a pure state, we finally obtained an isomer rich fraction from the Podbielniak 
column distillation of the dihydroguaiene mixture. This fraction. b p. 87-89°/2-5 mm. 
showed two peaks at retention times of 8-8 min and 11-25 min in the gas chromatogram 
and the ratio of the peak height at 8-8 min to 11-25 min of this fraction is about | : 3. 
Since the Raman spectrum of this fraction showed a strong double bond absorption 
at 1664 cm '' but its infra-red spectrum showed no band corresponding to the tri- 
substituted double bond, numbers VIII and IX out of the four possible structures are 
therefore excluded for this compound. 


Ozone oxidation of the above-mentioned fraction gave an oily substance (XVI), 


In 1908, Gandurin® also reported a substance corresponding to the dihydro derivative of guaiene, which 
‘ 20 
was ODtained from guaiol by the action of zinc dust at 220 Th sudstance, b.p. 122°/11 mm ny, 1°4982. 
iy O-8914, [x D 26°65 eems to be identical with the x dihydroguaiene obtained by us 
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b.p. 115-120 /1-6mm. This product showed negative results to Fehling’s and Tollen’s 
reagents. and showed absorption bands at 1709(C--O) and 1410cm 
The results of the spectroscopic examination and the aldehyde-test showed that this 


ha 


aldehyde tunction 


es VII, VIIl and se this isomer do not satisfy the above-mentioned 


Vi is the most likely at ketone (XVII) having an 


abdsorpuiol i 4. n ltra-vioict spectrum was formed when the ozone 


oxidavion pti j treated Wilh al alkali (cf. Chart 3) The absorpt on band at 


band of the type X VII*.* and this result also supports 
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the assumed structure VI for the isomeric dihydroguaiene. It is interesting to note 
that the double bond migration from the C—1 : C-—5 position occurs under such mild 
conditions. 

Stereochemical examination of the decalolone derivative (XI) and further con- 
firmation of the structure of VI are now under inv estigation in our laboratory. 


EXPERIMENTAI 


G.O-LA Vapor Fractomet was used for ii Yas vrapl Geterminations 


prod ylumy 2 in le th vit ting f licone 550 on 


200 


Cuaiene (Ila 
(1) Dehyd 
id 


uded 


After 


4300 mn 


(a) Ila (1-02 @) rbontetr | la was passed 
two bott nia ne water bath) ne tK ol \ gec mposed by 
f of this 


AcLOne was 


315 
j 
‘ ‘ 
hire brick (20 to 40 1 || C OO ‘ ydrogen 
All ielting points were measured by use of Ke fler block H s Bock Cx Ltd.. 
Frankf irtam Ma Germany) a d correc 
ior «aiol (1) with thionyl chloride-pyridine. Thionyl chloride (47-7 g. 1-38 equiv.) 
Rat we — pwise to a solution of guaiol (64-5 g) in pyridine (300 ml) with stirrir rat 5-10° for 30 
bee min, Alla the mixture was left 30 min at 4-5”, heated at $$-65° for 1 hr with protection from moisture 7 
was [hen the mixture was evaporated into about one-fifth in vacu poured onto a mixture (200 g) of 
caer: ce and water, and extracted with ether. The ether extract was washed with 2 N H.SO water and 
ee. 2 N Na.CO ined (Na.SO ind evaporated giving a deep brown soiled oil (56 ¢ The residue 
purihned to some DV dis ind moreover redistilled throug! colu 
vith a 10 in singie NCCE (stainless steel) six fractions 
(see Table 1) 
Fractio i Was p ruaiene (II 1 COK ) 4 14958, 
—- i; O 8999. | 64-5 2°) (c 3-584, dioxane). 3 3100, 1645 and 884 « retention time, 9-3 
oS m (Found: C, 87-65; H, 11-76. C,.H.. require C, 88°16: H, 11-84 
Fraction | isc n Cated the presence ¢ dil retenuor 
fable 1. Fractio the residue of rectificat ai suilled Dy u his fractior 
| ae howed the shoulde: 720 he violet ik absorpt sands at 3491 and 
‘s : 1709 cn n the ini red spectrum, whereas tne is Chromatog n it showed no peaks except 3 
hose at 9-3 and 11-2 
> 
(2) Dehydration waiol (1) th phosphorou vvchloride—p line. POC (8-8 equiv.) was 
idded dropw i solutic of guaiol (10-6 oe (90 ml) with stirr mp. The 
: ixture was re XC worked up as desc DOVE 
3) Dehyd euaiol h pota wn hisulpl 4 mixture of iaiol (46-5 d tused 
AR ; potassium bisulphate (28-5 vas heated at 160-165 der slightly reduced pre e for 30 min, and : 
vorked up as GEescri vec n the case of 
Ozonolyses of x-guaiene (lla) and euaiene mixt 
ae 
4 
th 
he 
; cs ide was ved and the vohathe 
trapped ina pn \ vdra e acetate (4 The presence of formaldehyde in the 
aqueous solu iO (A) iS pl Cd as its dimedone-der ilive 27 mg) As thi e-derivative 
eo (50 mg) also was ol ed from (B), the total yield was 323 mg (22-1 Formaldehyde-dimedone 
derivative was recrvsit ed trom ethanol as COMmuUrTICSS Neecdies m.p 19] 192 ingepressed of} : 
20, ae 1dmixture with the authentic sample. From (C) acetone p-nitrophenylhydrazone was not obtained at 
a 
+ 


mei 


vas shown to be XI mixed melting porn 


a 
Ac 
\ 
H il Rane 
No SO) 
a 
‘ 
0-9 a 
2.8 
\ 
emy 
kept | 0 | 
Na SO 
XI 
\ f< eX i4 " cetic ae 
‘ ed ‘ 
12.4 4 
>) Crude X (835 me) eated 190.710 hat for Ihe re 
9.9 $°) (c 0-692. ethanol), which 


Studies on sesquiterpenoids—III 
Treatment of with 


lacial aceti« 


4 solution of XI (134 me) 


acid 


refluxed for Ihe mixture was 


ium bicarbonate 


1dded XI (104 mg) 


extra i with 


)mm high 
lat tl ate 


iddition 


the tube 
ved he it turated potassiur ate and water, 
<d (Na,SO,) and porated leaving a : { > residu iS CI illized with the 
addition of petroleur her givit ta g material (90 meg mn r liquid 
114-116 /2 mm ng a col less 


was distilled at 
dentical with XII by infra- 


)(c 0-837 247-5 mu (e 9170) 


317 
fe 
pa” evaporated acuo, extracted with ether ed with water Cd polass i! 
sohution and water, dried (Na,SO,) and evaporated lea, XI (125 me 
* To a solut f Na (23 mg me ) vas added XI (199mg). The mixture was 
Deh, natios > slone-1 (X1) 
A xture of XI (500 20 50 heated at 300-350° (bath 
te n) } Ihe residue was 
c clk ‘ | vc Pale 
<a ed. This 
1: 2; H, 4-57; N, 9-67 
( CHOON ( ri, 4 
XV | x\ 3473. near 
aa 4400 (1 218 « lor phenol) 235 37-950), 30 62 320 5520) and 337 mu 
0) (see I 2 
10-Acetoxy-).4 ” KITT 
Rec tro petr etl e XIII riess needies, m.p. 130-13] 
2") 1-00 1724 170 1260 1238 ind 1017 cm (Found 
2 oe 73-02; H, 10-03. C,.H..O, requires: 2-82: H, 10-06 
Boke am ether ed ter, dried (Na,SO, evaporated leaving a p ell (88:1 mg). The 
ey aS 47 200 1665 and 1622 ¢ Found: C, 81-46; H, 11-01. C,,H,,O requires 
C, 81-76: H, 10-98°%.) 
(2) By prrol\ f xy-Ketone The apparatus consisted of a quart tube, 2¢ a 
on with a 10 mm i.d., packed with Pyrex ball, 2-3 ised. XIII (500 mg) was adde | 
ae of 15-20 mg/min to the top of the pyrolysis tube heated at 400-450°. durine which tim rs . 
red comparison, but showed —9-2° (+3 
4,3 
4 


318 KEN ICH! TAKEDA, HITOSHI Minato and SATOKO NOSAKA 


Ozonolysis of the Vi-rich fraction 


A solution of VI (1-48 g, the ratio of the peak heights at 8:5 and 11:25 min was 1 : 2 97) in ethyl 
acetate (20 ml) was ozonized at 75° in the usual manner After removal of the solvent under 
diminished presst at room temp, zinc dust (1 g) was added in small portions to a solution of the 
ozonk 1 glacial ic acid (8 ml) with stirring (ice bath). and then the mixture was filtered, evapor- 


ated in vacuo, extracted with ether, washed with water, 2 N NaOH and water, dried (Na,SO,) and 


evaporated giving a pale ellow oil (1-22 g). This oil was distilled at 116 120° /1-5 mm giving XVI 


(609 mg), ¥ 1709. 1410, 1388 and 1369 cm, which showed negative results to Fehling’s and 


Tollen’s reagents and positive result to iodoform-test for ¢ H,CO-group. 


Treatment of XV1 with 0-1 N sodium methoxide in me thanol 


To a solution of Na (23 mg) In methanol (10 ml) was added XVI (287 mg). The mixture was 


stmosphere for 2 hr giving ¢ vellow oil (203 mg), which was distilled at 96-97" /0°5 


refluxed in nitrogen 
mm vielding XVII (172 mg), my | 10850) 
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STRUCTURE OF SAUSSUREA LACTONE 


A. SOMASEKAR Rao, A. PAUL, SADGOPALT and S. C. BHATTACHARYYA 


National Chemical Laboratory, Poona. India 
(Received 23 November 1960) 


Abstract—Saussurea lactone is identical with the product of pyrolysis of dihydrocostunolide. On 
cyclisation in the presence of p-nitrobenzoic acid followed by hydrogenation it gives santanolide C 


Hence structure (V) is assigned to Saussurea lactone 


Costus root oil obtained from the plant Saussurea lappa C. B. Clarke has been well 
known for its lactonic constituents. Of these. dehydrocostus lactone.) costunolide 
(1)** and 12-methoxy-dihydrocostunolide(II)* have been completely characterized. 
From vacuum distilled (60-210°/11 mm) costus root oil Rao and Varma? isolated a 
crystalline lactone which they have named as Saussurea lactone. In a subsequent 
communication Rao ef a/.® suggested a tentative bicyclic structure (III) for this lactone 
on the basis of degradative studies. The possibility of the santenolide type of structure 
(IV) was not entirely ruled out. According to them, the lactone has the molecular 
formula C,;H,.O, and contains one double bond of the type ==CH,. They obtained 
1-methyl-7-ethyl naphthalene on selenium dehydrogenation 

Investigations described in the present communication show that saussurea lactone 
is to be represented by the structure (V) 

At the initial stages of ou investigations, it was felt that a comparison of fully 


hydrogenated product from saussurea lactone (V) with the various santanolides or 


alantolides would be of help in firm], establishing its structure and possibly in elucida- 


ting its stereochemistry, but this did not lead to any fruitful result, as fully hydrogenated 


Saussurea lactone could not be identified with anv of the santanolides or alantolides. 


It was therefore felt that the structure of Saussurea lactone required a more critical 


examination 

Earlier authors® have described saussurea lactone as a nonoethynoid compound, 
but more careful examination showed that Saussurea lactone does not contain one 
double bond, but contains two double bonds and hence is a monocarbocyclic com- 
pound and nota bicyclic product as previously postulated. ¢ onsequently the previous 


Structure (III) required revision. 
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The I.R. spectrum of saussurea lactone (V) showed the presence of both types of 


R 


methylenic double bonds (1) R.CH—CH, (909 cm~), (ii) R-—C CH, (892 cm~'). 
In view of this and the conversion of saussurea lactone (V) to |-methyl-7-ethyl naph- 


thalene it was suspected that saussurea lactone may have the elemane type of carbon 


skeleton. Rao and Varma obtained saussurea lactone (V) from costus root oil 
distilled at high temperature In connexion with our work,’ involving large amounts 
of costus root oil isolated and processed under very mild conditions without employ- 
ment of any thermal treatment and involving mostly column chromatography, we 
failed to isolate any saussurea lactone. but such oil contains large amounts of costuno- 
lide (1) and also appears to contain dihydrocostunolide (VI). Hence it was felt that 
saussurea lactone (V) was derived from the pyrolysis of the latter (V1). 


To prove the validity of this assumption pyrolysis of dihvdrocostunolide (V1) 


prepared from costunolide (1) was carried out and the product was found to be 


identical with saussurea lactone (V). On the basis of the earlier work dealing with the 
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pyrolysis of germacrone (VII) to py rogermacrone (VIII)°.* the gross structure (IX) can 
be assigned to saussurea lactone. Such a structure is also consistent with its I.R. 
spectrum discussed earlier. In addition. this also establishes the absolute configuration 
of saussurea lactone at C,, C, and C,, since the absolute configuration of dihydro- 
costunolide (V1) is known.2* 


lo determine the absolute configuration at the remaining asymmetric centres, 


C,, and C, 
to a monoethynoid bicyclic product. The exact position of the double bond in the 


Saussurea lactone (V) was cyclized by heating with p-nitrobenzoic acid™ 


cyclized product (X) has not been determined: but the U.V. and the LR. spectra of the 
cyclized product excluded the presence of the A*-isomer (tetrasubstituted double bond) 
and indicated that it was a mixture of A® and A415 isomers in which the former pre- 
dominated. This is supported by a comparison of the m.p. and rotation of the cyclized 


product with those of the A® isomer reported previously by Cocker and McMurry", It 


became necessary to investigate this aspect as an unsaturated lactone with the 
double bond between carbon atoms C, and C; cannot be of much value in determining 
the absolute configuration at C;. The cyclized product (X) on hydrogenation gave 
santanolide C.*"* This leads to the unambiguous assignment of the absolute con- 
figuration to saussurea lactone (V) at all the centres of asymmetry. 

Herout, A. Horak and F. Sorm, Coil. Czech Chem. Comm. 24, 2371 (1959) 

arnow, W. Phillipp and G. Schade, Liebigs Ann. 625, 206 (1959) 

iivoda and O. Jeger. Croatica Chem. Acta 29, 263 (1957): Chem. Abstr. 53, 16197e (1959). 
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(V) is not a natural constituent of costus 


It would appear that saussurea lactone 
olysis of dihydrocostunolide (V1). 


root oil, but is an artefact formed by py! 
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Hydrogenation of the lactone (X) 
The cyclized product (X) (0-20 g) from the above experiment was hydrogenated in acetic acid in the 


presence of platinum oxide (50 mg) catalyst at room temperature and atmospheric pressure and 


hydrogen approximately corresponding to one double bond was absorbed The hydrogenation 


product was worked up in the usual way. It was crystallized twice from ethanol and s iblimed to give 


130 mg of a solid which was identified as santanolide C from its melting point and mixed m p. with an 
authentic sample 151-153", [x]p 56° and identity of its I.R spectrum with that of santanolide C 
(Found: C, 75-9; H, 10-0. C,;H,,0 requires C, 76:22; H, 10-24 °%%), lit 


records for santanolide C, 
m.p. 154-155", 153-154”, [x], +55 
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